JOHN BARRY NEILAH 





AMERICAN SEWERAGE PRACTICE 


VOLUME I 

DESIGN OP SEWERS 


The quality of the materials used in 
the marojtfacture of this book is gov¬ 
erned by coniinuedpostwar shortages. 



BOOKS BY 

METCALF AND EDDY 


AMERICAN SEWERAGE PRACTICE 

THREE VOLUMES 

VoL I — Design of Sbwbrb 
S econd Edition 

759 pages, 6 X9, 306 illus , 167 tables 

VOL II —CONSTBUOTION OF SbwBRB 
664 pages, 6X9, 181 ilhis , 81 tables 

VoL III — Disposal of Sbwaqb 
Third Edition 

836 pages, 6 X 9, 227 illus., 166 tables 
SEWERAGE AND SEWAGE DISPOSAL 
A TEXTBOOK 

SECOND BDITION 

783 pages, 6 X 9, 224 illus.. Ill tables 



AMERICAN 

SEWERAGE PRACTICE 

VOLUME I 

DESIGN OF SEWERS 


BY 

LEONAJRD METCALF 

AND 

HARRISON P. EDDY 


l§BC0Ni> Edition 
Ninth Impbhbsion 


McGRAW-HILL BOOK COMPA.NY, Inc. 

NEW YORK AND LONDON 
' 1928 

property of 



CoPTRIGHT, 1914, 1928, BY THE 
MoGiuw-Hill Book Compamt, Inc. 

PBTNTDD IN THE UNITED STATES OF ASaHtlOA 


THE MAPLE PRESS COMPANY, YORK, PA. 



PREFACE TO THE SECOND EDITION 


The death of Mr. Metcalf in January, 1926, left upon the surviving 
author the responsibihty for a revised edition of this work. It is 
fitting that m this new edition acknowledgment should be made of 
the energy and enthusiasm devoted by Mr Metcalf to the origmal 
preparation of the book. But for bis willingness to devote a large 
amount of time to the accumulation and digestion of the material 
required, it is doubtful if the book would have ever appeared. The 
commendation which it has received was a source of much gratifica¬ 
tion to him. 

In the fourteen years which have elapsed since the publication of the 
first edition, American practice in sewer design has attained a greater 
degree of unifornuty, considerable advance has been made m the 
methods of application of principles, and there has been material 
increase in the amount of pertinent information available. A revised 
edition has, therefore, become desirable. 

In the new edition there has been a considerable rearrangement of 
material; some chapters have been divided and others consohdated, and 
many sections have largely been rewritten It is believed that the 
book has been made more nearly complete as a work of reference. 

The work of revision has extended over several years. A material 
portion of it had been accomplished before the death of Mr. Metcalf 
and had the benefit of his criticism. Important parts of the work have 
been done by Charles W. Sherman and Frank A. Marston, partners in 
the firm of MetcaK and Eddy, and by John W. Raymond and Herman 
G. Dresser of the staff, while other partners and employees have helped 
to a lesser degree. Professor R. G Tyler, of the Massachusetts Institute 
of Technology, has also shared in bringing some chapters down to date, 
and in editing the whole volume. 

Habeibon P. Eddy. 

Statlbb Bdildino, 

Boston, Mass. 

Oddber 26, 1628. 
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PKEFACE TO THE FIRST EDITION 


About three years ago, the authors undertook the preparation of a 
book bringing together in a form convenient for ready reference the more 
important principles of theory and rules of practice in the design and 
operation of sewerage works, using this term in its broadest sense. It 
was found, however, that to make these fundamental data, tables, dia¬ 
grams, and rules of the greatest service, it was desirable to explain them 
in some detail, for such explanations can be found only scattered through 
many special treatises, transactions of technical societies, engineermg 
journals, and reports. In some cases, it developed, to the authors’ sur¬ 
prise, that nothmg really definite had ever been published concerning 
many important features of sewerage practice. In other cases, the prac¬ 
tice of different engineers, being based upon their individual expe¬ 
riences, varied considerably. These conditions led the authors to 
broaden the scope of the work and to devote considerable space to topics 
upon which little had been written, in order that the reader might find 
all of the information which it was reasonable to expect in a comprehen¬ 
sive review of a subject of such scope as sewerage practice It thus be¬ 
came necessary to present the subject in three volumes, the first dealing 
with the Design of Sewerage Systems, the second with their Construc¬ 
tion, and the third with the Design of Works for the Treatment and 
Disposal of Sewage. 

As the various chapters of this volume have developed, much interest 
has been shown in the work by different engineers, both at home and 
abroad, who have supplied many helpful suggestions, valuable state¬ 
ments of their views upon subjects where experience furnishes a guide 
often more helpful than theory, and drawings of special structures to 
illustrate their standard practice in design. To these engineers hearty 
thanks are given for their cordial assistance in the authors’ attempt to 
outline standard practice and sound principles of design. 

The engineering journals have proved of valuable help, particularly 
in affording examples of practice and for their records of the develop¬ 
ment of present-day methods; and many manufacturers have been most 
courteous in supplying drawings, photographs, and specific information. 

In the preparation of certain chapters of this volume, special aid has 
been obtained from “The Theory of Loads on Pipes in Ditches,” by 
Prof. Anson Marston and A. 0. Anderson (Iowa State College of 
Agriculture and Mechanic Arts), “A Treatise on Concrete, I^lain and 
Reinforced,” by Frederick W. Taylor and Sanford E. Thompson (John 
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Wiley & Sons, Inc ), “Principles of Reinforced Concrete Construction,” 
by Profs F. E. Turneaure and E R. Maurer (John Wiley & Sons, Inc.); 
“A Treatise on Hydraulics,” by Prof Hector J. Hughes and Arthur 
T. Safford (copyright, 1911, The Macmillan Company); “American 
Civil Engineer’s Pocket Book,” edited by Mansfield Merriman (John 
Wiley & Sons, Inc.), and “A Treatise on Masonry Construction,” by 
Prof. Ira 0. Baker (John Whey & Sons, Inc ) While acknowledgment 
has been made in the several chapters for this help, more specific thanks 
are here given for the generous permission to make such free use of these 
valuable contributions to engineering hterature The authors have 
also drawn upon the late August Frlihling’s valuable “ Entwasserung 
der Stadte,” published by Wilhelm Engelmann 
The authors are under obligations to their junior partners, Charles W. 
Sherman, William T. Barnes, and Almon L. Falgs, and to their office 
staff, particularly William L Butcher and Frank A Marston, for valu¬ 
able assistance in the preparation of this book, and to John M Goodell, 
for many years editor-in-chief of Engineering Record, whose con¬ 
structive criticism and assistance in the preparation of the manuscript 
have been most helpful. To the publishers, the McGraw-Hill Book 
Company, Inc., whose work speaks for itself, thanks are also given 
Whatever its merits or dements, the book is at least a monument to 
cooperative effort and goodwill among civil engineers 
The preparation of this book has demanded an amount of time and 
effort far in excess of that anticipated when the work was undertaken 
The authors have carried it through, however, because of their expe¬ 
rience of the practical value of such information as is given in many chap¬ 
ters herein. As problems have arisen in their work, reference has been 
made to the book for the help required, and if anything was found lacking 
it was supplied. This practical test has resulted m the repeated revision 
of large portions of many of the chapters. The book is published, there¬ 
fore, with the belief that it is a “practical” book, but as the test of serv¬ 
ice in one office is not a thorough test of a book on American Sewerage 
Practice, considered comprehensively, the authors will be glad to receive 
from the reader any suggested additions, changes, or modifications which 
will make the book more helpful and to have any errors of statement or 
computation called to their attention. 

Leonard Metcalf 
Harrison P. Eddy. 

14 Beacon Street, 

Boston, Mass. 

May 14, 1914. 
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NOMENCLATUKE 

Th© following list includos tho principal symbols used in this book, 
more particularly in the sections relating to hydraulics. Two or more 
meanings are given for some symbols, but there should be no confusion 
in their use, as the kind of formula in which they appear or the accom¬ 
panying text will always show which meaning is applicable Other 
uses for the same symbols, as well as some symbols not listed below, will 
be found in some portions of the book; these are explained or defined 
as they occur. 

Except as otherwise noted, the units are the foot, second, and 
pound. 

A = area of cross-section; drainago area in acres 
c = coefficient of discliai'ge 
C = coefficient in the Chezy formula 
Ch = coefficient in tho Hazon-Wilhams formula 
d = diameter (in inches) 
d' = depth 

D = diameter (in feet) 

/ = coefficient of fnction 

g = constant of gravitation = 32.16-|- 

h = head or height of water above given datum 

K = height of any point above given datum 

ht = friction head loss 

hf = pressure head 

hv “ velocity head = w® I2g 

hi = head at upper of several points 

ha = head at lower of two points 

H =■ total head; head on weir corrected for velocity of approach 
i = intensity of rainfall (in inches per hour) 

I = length of weir crest 
L = length 

m = coefficient of roughness in Bazin formula 
M =■ drainage area in square milos 
n == coefficient of roughness in Kutter formula 
N = number of end contractions of weir 
P == wetted perimeter; intensity of pressure (per square inch) 

Q = rate of discharge 
r “ radius 
R = hydraulic radius 
S => slope (expressed decimally) 
t = time: duration of rainfall (in minutes) 

T =■ temperature (in degrees Fahrenheit) 

V = average or mean velocity 
w = umt weight (of water = 62.6 lb. approx.) 

Z = height of weir crest 
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INTRODUCTION: THE LESSONS TAUGHT BY EARLY 
SEWERAGE WORKS 

American sewerage practice is noteworthy among the branches of 
engineering for the preponderating influence of experience, rather than 
experiment, upon the development of many of its features, apart from 
those concerned with the treatment of sewage. Even the actual capacity 
of sewers, something that gagings can determine, is far less clearly 
known today than is the capacity of water mains, while the cross-sections 
of masonry sewers and the forms of accessory structures employed 
under similar conditions in different cities vary widely. There has 
been, however, a rather decided tendency toward greater uniformity in 
design in recent years, keepmg abreast with the growing popular 
recognition of the financial and sanitary importance of good sewer¬ 
age and the passing of the feeling that it was a bit indelicate to 
speak in public of anything so unclean as sewage. Sewerage systems, 
being out of sight, were out of nund, except to the few intrusted with 
their construction and maintenance, and even today the lack of any¬ 
thing above ground to show to the taxpayer makes sewerage work in a 
city one of its least appreciated activities. The strong feeling that good 
pubhc health is a valuable municipal asset and depends, to a large 
extent, upon good sewerage has been a leading cause of the willingness 
of taxpayers recently to embark on expensive sewerage undertakmgs. 

The value of arousing public feeling toward sewerage in this way 
is the main lesson which its history teaches. Until it became a strong 
influence, sewerage work was concerned mainly with surface drainage 
and the abatement of nuisances. The first record of a sewer which Curt 
Merckel, the antiquarian of engineenng, has been able to find is on an 
old Babyloman seal cylinder. Layard’s explorations revealed arched 
sewers in Nineveh and Babylon dating from the seventh century before 
Christ. Schick and Warren have unearthed considerable information 
about the sewers of Jerusalem; the works of this class in Grecian cities 
are fairly well known, and the great underground drains of Rome have 
repeatedly been described. It is known, however, that these channels 
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and conduits were not used to any substantial extent by means of direct 
connections to them from the houses, for the requirements of public 
health were httle recogmzed then and compulsory sanitation would 
have been considered an invasion of the rights of the individual. Livy 
states that the Roman building regulations only stipulated that the 
house connections were to be made at the cost of the property owiiora. 
Pubhc latnnes were doubtless used by most of the people and it is 
probable that the gutters were the chief receptacle of the ordure of tlio 
city, which was washed thence into the sewers. These must have been 
extremely offensive when not flushed, for otherwise the regular delivery 
of water for the purpose of cleamng them would not have been so 
emphasized in the following notes by Frontinus, a water conmiissioiier 
of the city whose valuable notes of engmeering work have been edited 
by Clemens Herschel. 


I desire that nobody shall conduct away any excess water without having 
received my permission or that of my representatives, for it is necessary 
that a part of the supply flowmg from the water castles shall be utilized not 
only for cleanmg our city but also for flushing the sewers. 

It is astomshmg to reflect that from the day of Frontinus (the first 
century a n ) to that of W. Lmdley,^ there was no marked progress in 
sewerage. The renaissance began m Hamburg, where a severe confla¬ 
gration destroyed the old part of the city in 1842 . The portion ruined 
was the oldest section and it was decided to rebuild it according to 
modern ideas of convenience. This work was intrusted to Lindley, 
who carried it out m a way that aroused warm praise among engineers 
of a somewhat later period, when the test of service had placed the seal 
of approval on the plana. 

For instance, E. S. Chesbrough, Moses Lane, and Dr. C. F. Folsom 
reported to the authorities of Boston in 1876 that Hamburg 

was the first city which had a complete systematic seworngo system 
throughout, accordmg to modem ideas How for that was in advance 
of the rest of the world, m 1843, when the work was undertaken, may be 
inferred from the fact that there are no real advances in new principles 
from that time up to the present day. The ram-water spouts were all 
untrapped to serve as ventilators to the sewers; the street guUies wore also 
without traps, and there were gratmgs for ventilation opening into the 
streets. It is very rare that any of the latter are sources of complaint, 
inasmuch as the sewers ore kept so clean that there are seldom any foul- 
smeUmg gases The great feature m Hamburg, however, is tho weekly 
fl^hmg at low tide by lettmg the waters of the Bmnen-Alster flow throug'h 
the sewers with great force. 


the leadmg English engineers of hia day, Rowlinaon being his only 

^fch t of lus Profession He became thoroughly identified 

with German work, however, first at Hamburg and later at Frankfort 
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Twenty-five years after the sewers were completed they were found by a 
committee of experts to be clean and almost without odor. 

The sewerage of Hamburg, wlule indicative of an awakened public 
recognition of the need of improvement in such works, was hardly the 
result of any real appreciation of the value of sanitation but was, rather, 
the result of business shrewdness in taking advantage of exceptional 
local conditions to plan streets and sewers to answer in the best way the 
recognized needs of the community and the topographical conditions 
The lustory of the progress of sanitation in London probably afifords a 
more typical picture of what took place quite generally about the middle 
of the nineteenth century in the largest cities of Great Bntain and the 
United States. 

A statute was passed in 1531 in Henry VIII’s reign^ and amended in 
that of William and Mary which afforded the legal basis of all samtary 
works of sewerage well into the mneteenth century. For a period of 
about 300 years, while London outgrew the narrow limits of the city 
proper and its adjacent parishes and became a great metropolis, the 
center of the world’s commerce, sanitation was as little considered as 
magnetism or the utilization of steam for power purposes. The city 
was better off than most of the metropolitan district, for it had Com¬ 
missioners of Sewers elected annually by the Common Council from its 
members. They had power over all conditions relating to public health 
and comfort and had authority to appoint a medical officer of health. 
But the city was only a small port of the metropolitan area, 720 out 
of 76,000 acres in 1855, with only 128,000 out of a total population 
of 2,600,000, and less than 15,000 out of a total of 300,000 houses. 
Outside of the city, the methods of local government were chaotic, in 
some of the parishes, surveyors of highways were appointed to do very 
restricted engineering work and in eight there were Commissioners of 
Sewers, apparently having powers modeled after those of London but 
less extensive 

This lack of central authority rendered a systematic study and exe¬ 
cution of sewerage works impossible. As late as 1845 there was no 
survey of the metropolis adequate as a basis for planning sewers. The 
sewers in adjoining parishes were on different elevations so that a 
junction of them was impracticable. 

Some of the sewers were higher than the cesspools which they were sup¬ 
posed to drain, while others had been so constructed that to be of any use 
the sewage would have had to flow uphill. Large sewers were made to 
discharge into small sewers ® 

The first engineer to make a comprehensive study of metropolitan 

* Statutes relating to local drainage problonia had been passed In the reigns of Henry III, 
Henry VI, and Henry VII. 

* Jepbon, " Sanitary Evolution of London " 
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sewerage needs m an official capacity, John Phillips, gave this testimony^ 
of the condition of London basements and cellars in 1847: 

There ore hundreds, I may say thousands, of houses in this metropolis 
which have no drainage whatever, and the greater part of them have stmk- 
ing, overflowing cesspools. And there are also hundreds of streets, courts, 
and alleys that have no sewers, and how the drainage and filth are cleaned 
away and how the miserable inhabitants live m such places, it is hard to tell 

In pursuance of my duties from time to time, I have visited very many 
places where filth was lying scattered about the rooms, vaults, cellars, 
areas, and yards, so thick and so deep that it was hardly possible to move 
for It. I have also seen in such places human beings hving and sleeping in 
sunk rooms with filth from overflowing cesspools exudmg through and 
running down ' the walls and over the floors The effects of the 

effluvia, stench, and poisonous gases constantly evolving from these foul 
accumulations were apparent in the haggard, wan, and swarthy countenances 
and enfeebled limbs of the poor creatures whom I found residing over and 
amongst these dens of pollution and wretchedness. 

One of the main reasons for the backward condition of the sewerage 
system in London for many years was the absence of authonty to com¬ 
pel landlords to connect their houses with sewers, so that even the 
residences of the wealthiest members of the nobility were likely 
to be located over one or more cesspools, some of which were of 
enormous size. Even in Westminster, very httle use was made of 
the sewers m some of the streets. “ So long as the owners get the rent, 
they do not care about the drainage,” the Commissioners of Sewers 
reported in 1846. It was not until two years later that the first act 
was passed making it compulsory to connect houses with sewers. 

In 1847, scared by an outbreak of cholera in India, which had begun 
to work westward, a royal commission was appointed to inquire into 
samtory improvements for London. This body reported that the 
sewerage of the entire metropolitan district should be handled by a 
single board, and in 1848 Parliament followed this advice and created 
the Metropolitan Commission of Sewers. That body and its successors 
in the office unfortunately failed to measure up to their opportunities; 
they produced reports showing clearly the need of eictensive sewerage 

1 Lost this pioture be oonBidered too fanolful, a statement published m 1862 by the General 
Board of Health may be quoted here* 

“During the fiiet labors of the General Board of Health much illneasprevailed among 
the clerks, until on one occasion foul smells arising more severely than hod before been 
noticed, the state of the foundations was examined, when it was disoovered that there were 
two very large cesspools immediately beneath the Board's offices This is the description 
of houses of wluoh it Is generally reported by house agents and others that they ore well 
drained and in good condition; but it may be advised that it is absolutely unsafe to take 
any bouse without a thorough examination of the site beneath it, nor where any oases of 
fever, typhoid or gastric have occurred amongst persons hving in the lower offices of a house, 
is it safe for those who value their own health to remain in the premises without such an 
examination, nor until the cesspools are removed “ 
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works and other sanitary improvements, built the Victoria sewer at 
great expense, which fell into rums not many years Inter, but did little 
more. In the summer of 1848, cholera was discovered in London and 
before the winter was over it claimed 468 victims. It broke out again 
in the spring of 1849 and before it ended, about 14,600 deaths were 
recorded, as against 6,729 in London in the 1832-1833 epidemic. 

In 1852 cholera again appeared and in 1853 it slowly gained a foot¬ 
hold. In 1854 it ran its ternble course, claiming a mortality of 10,675 
m the last half of that year. The connection between a contaminated 
water supply and the rapid spread of the disease was clearly shown, 
but it was also apparent that the filthy living conditions in most houses, 
due to the absence of effective sewerage, was a great hindrance in com¬ 
batting the scourge. In 1855 Parliament passed an act “for the better 
local management of the meti'opohs", this laid the basis for the sanita¬ 
tion of London and provided for the Metropohtan Board of Works 
which soon after undertook au adequate sewerage system 

In this connection a brief mention of some of the features in the 
early development of the Loudon sewers will be of value as showing, by 
contrast, the importance of the progress m sewerage in recent years. 

In 1849, in answer to an advertisement, the Metropolitan Commis¬ 
sion of Sewers received 116 different schemes for abating the nuisance 
due to sewage in the Thames, none was approved for execution Plans 
for mterceptmg the sewage and conducting it to outlets below the city 
had been suggested many years before Apparently, it was not until 
1862, when J. W. Bazalgette became chief engmeer of the Commission, 
that any beginning was made in formulating policies, although at least 
two engineers of high standing connected with the local works of certam 
subdivisions of the metropohtan district had been making valuable 
studies. Bazalgette seems to have been possessed of the executive 
ability previously lackmg; he tentatively developed plans for ;mtercep- 
tion and then worked them out in detail in collaboration with W Hay¬ 
wood, the unusually gifted and highly respected engineer of the City 
Commissioners of Sewers, who had a thorough local engineering experi¬ 
ence and was responsible for many of the basic assumptions upon which 
the plans were prepared. But no action was taken on these plans until 
the Metropohtan Board of Works appointed Bazalgette its engineer 
and he had been compelled to uphold them against lay and engineering 
cnticism for several years. The works were not actually undertaken 
until 1869. 

The old sewers were frequently the covered channels of brooks. The 
oldest was Ludgate Hill sewer, of unknown age, but built prior to Fleet 
Street sewer, which was constructed in 1668 and was an open channel 
for many years. This sewer, formerly known as the River of Wells 
or the Old Bourne (now called Holborn), was fed by several springs. 
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and was originally a navigable waterway from which people were sup¬ 
plied with water It was not covered until 1732. What eventually 
became Ranelagh sewer was a brook rising in a spring at Tye Bourne 
and even as late as 1730 it furnished water for the Serpentine, the 
famous pond in Hyde Park. In 1865 the total length of these old sewers 
was 1,146 miles. Up to 1815 it was contrary to law to discharge 
sewage or other offensive matter into the sewers; cesspools^ were 
regarded as the proper receptacles for house drainage and sewers as the 
legitimate channels for carrying off surface water only. The cesspools 
were cleaned by private contractors at the expense of the property 
owners, and consequently the frequency of the cleaning depended on 
the callousness of the owner or tenant to complaint and nuisance. 
Concerning the removal, the General Board of Health reported in 1862 
as follows: 

It appears that the quantity of cesspool refuse, including ordure and 
other animal and vegetable matter, is from 1 to 2 cu yd. per house per 
annum; and the cost of its removal m London (mcludmg openmgs and mak¬ 
ing good the cesspool, and cartage out of town) was stated by contractors, 
and proved, upon a house-to-house mquiry, to be on an average, about 
20s. per house. When cheap cesspools are made, from which percolation 
is not prevented, the injury to the foundations of the houses would more 
than make up the difference. In many country towns, where night soil is 
kept m shallow uncovered pits (caUed imdden holes) the cost of emptsrmg 
IS less than where deep cesspools are used, but although the emanations, 
as bemg more diluted, may be less noxious than those arising from covered 
cesspools, the sight of the exposed ordure is offensive and degradmg, and 
the open midden steads are, in other respects, serious nuisances. 

It has been mentioned that the pollution of the Thames was a cause 
of public protest in the middle of the last century, it was aggravated by 
the manner in which the sewers discharged their contents. Bazalgette’s 
description of it is worth quoting as explaining a feature of outfall sewer 
design which is sometimes overlooked at the present time. 

According to the system which it was sought to improve, the London 
mam sewers fell into the valley of the Thames, and most of them, passing 
under the low grounds on the margm of the nver before they reached it, 
discharged their contents into that river at or about the level, and at the 
time only, of low water. As the tide rose, it closed the outlets and ponded 
back the sewage flowing from the high grounds; this accumulated m the low- 
l 3 ring portions of the sewers, where it remamed stagnant in many cases for 
18 out of every 24 hours. Durmg that period, the heavier ingredients were 

1 "What are termed dry weUa in the United States differ from the London oeaspopla in 
this portioulor they oonsist of excavated pite in the Bubeoil, euatained by pervioiu masonry 
linings, and ore not intended to be oleoned out until the surrounding earth fails to absorb 
their contents, while the London cesspools were oonstruoted with imperviouB masonry 
linings and were designed to be oleaned out at proper intervals." (Report by Charles 
Hermany on Memphis sewerage, 1868 ) 
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deposited, and from day to day accumulated in the sewers; besides which, 
m times of heavy and long-continued rams, and more particularly when 
these occurred nt the time of high water m the nver, the closed sewers were 
unable to store the increased volume of sewage, which then rose through the 
house drama and flooded the bosemej^ts of the houses. The effect upon 
the Thames of thus discharging the sewage mto it at the time of low water, 
was most mjurious, because not only was it carried by the rising tide up 
the nver, to be brought back to London by the following ebb tide, there to 
mix with each day’s fresh supply—^the progress of many days’ accumulation 
toward the sea being almost imperceptible—but the volume of the pure 
water in the river, being at that time at its minimum, rendered it qmte 
mcapable of diluting and disinfectmg such vast masses of sewage. 

In designing the great intercepting and outfall sewers to remedy this 
condition, Bazalgette adopted a mean velocity of 2 2 ft per second as 
adequate to prevent silting in a main sewer running half full, “more 
especially when the contents have been previously passed through a 
pumping station.” The computation of the house sewage was based on 
an average density of population of 30,000 persons per square mile 
except in the outlying distncts, where it was assumed at 20,000. The 
sewage was estimated at the assumed water consumption, 5 cu. ft. 
per capita daily. 

This quantity varies but httle from the water supply with which a given 
population IS provided, for that portion which is absorbed and evaporated 
is compensated for by the dry-weather underground leakage mto the 
sewers. 

One-half of this sewage was assumed to flow off within 6 hours. The 
storm-water runoff,^ for which provision was made, was a rainfall at 

^ "Thoro ore, in almost erory year, exooptlonal oneos of heavy and violent ram Btomui 
and thoso hare meoauTod 1 In , and eomotmioa oven 2 in , in 1 hour A quantity equal to 
Hoo in of ram In 1 hour, or i^in m 24 hours, running into the eewcTS, would oooupy 
as much spaoo ns the manmum prospective flow of sowago to bo provided for, so that, if 
that quantity of rain were inoludod In the intorooptmg eowors, they would, durmg the 6 
hours of maximum flow, bo filled with on equal volume of sowngo, and during the remaining 
IS hours additional spaoo would be reserved for a larger quantity of rain. Taking this 
clroumstanoo Into eonsidoratlon, and allowing for the abstraction duo to evaporation and 
absorption, it is probablo that if the sowora wore mode capable of oorrying off a volume equal 
to B rainfall of M in <inyi durmg tho 0 hours of the maximum flow, there would not be 
more than 12 days In a year on which the aowore would bo ovoreharged, and then only for 
short periods during suoh days ” Bnsalgotte, Pros. Inst C E , 34 , 292 

"Tho total sewage and rainfall provided for was 394,000,000 imp gal per day. The 
discharging oapaoity of the sowers was, however, mode larger than this amount, os It is a 
well-known fact that, owing to tho fluetuating flow of sewage at different hours of the day, 
about ono-holf of the total quantity flows off in 0 hours, and as figures in the above tables 
[108,000,000 imp gal, of sewage and 280,000,000 imp. gal of rain water.—Metcalf and 
Eddy ] give the flow of sewage spread over the whole 24 hours, provision had to be made and 
was made for praotioally double tho amount of sewage given m these tables . . . This 
provision for disohorging ezoessivo rainfall into tho Thames by moans of tho old sewers eoUld 
not be satisfaotory at all times, os it has already been pointed out that these old sewers were 
blocked by tho tide for a considerable time before and after high water, and, therefore, the 
rainfall oould only roach the Thames at some time on each side of low wator, unless in any 
case the old eewers were capable of being put under suoh a pressure os would overcome the 
opposing pressure of the tidal head.” Maurice Eltamaurioe, " Mom Drainage of London.'" 
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the rate of 34 iii- per day received during the 6 hours of maximum sewage 
flow, with overflows to discharge the excess due to larger amounts 
through some of the old sewers directly into the river 

It 18 not surprising, in the bght of-present information summarized 
in one of the following chaptei-s, Shat these estimates proved too low 
and floodmg took place m low-lying districts As for the average 
mimmum velocity selected, it was higher than that recommended by 
some contemporary engineers. Wicksteed had reported experiments 
showmg that a bottom velocity of 16 in per second would move heavy 
pieces of bnck and stone, and a velocity of 21^^ in. would move iron 
borings and heavy slag. John Phillips advocated a velocity of 234 
ft. per second. Professor Robison said, in his “Theory of Rivers,” 
that a bottom velocity of 3 in. per second will take up fine clay such as 
potters use, 6 in. will lift fine sand, 8 in. will lift sand as coarse as hn- 
seed, 12 in. will sweep along fine gravel, 24 in. will roll along 1-in. pebbles, 
and 36 in will move angular stones of the size of an egg. These state¬ 
ments of the state of knowledge in 1850 show a tendency to under¬ 
estimate requisite velocities to prevent silting, and, taken in connection 
with the underestimates of runoff and their unpleasant consequences, 
illustrate the great desirability of adequate experiments to ascertain 
unknown facts essential for successful design, before spendmg great 
sums on construction 

The questionable character of the mformation available for design 
was recognized by a number of engineers, as the following remarks^ 
by Sir Robert Rawhnson indicate clearly 

To talk of a formula for mam sewers, devised and drawn up from any 
one set of experiments, would only tend to mislead young engmeers There 
were no two places which required precisely the same treatment . . 
The proper mode of proceeding was: before attempting to fix the dimensions 
of mom sewers, to take the area to be operated upon as it existed; to consider 
what nature had previously done with that area, then to consider the special 
duties which the sewers had to perform, and apportion them to the water 
supply and to the probable mcroase of the population; and if the dimensions 
adopted were calculated for passmg off three times or four times that volume, 
the engmeer would not be for astray in this calculation ® 

Prior to Haywood and Bazalgette's work on the London mtercepting 
sewers, Philhps and Roe were prominently before the public as sewerage 
experts and among Enghsh-speaking engineers Roe’s Table® was used 

* It is ovldont that Sir Robert was spealdag of seweiB for house dtamage only He was the 
loader In the development of modern sewerage praotioe and exeroiBed a great influence over 
the engineers and the pubho of lus day. 

*Proe Inat C E , 34 , 317 

' Roe’s Table was not aeoepted by some contemporary London engineers, and In 1865, 
W Haywood, engmeer of the City, who remained for half a century a leading authority on 
English munloipol engineering, stated at a meeting of the Institution of Civil Engmeers 
that there were no rehable gaglngs of London sewers in existence and that he had never been 
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for many years in selecting the sizes of sewers. It was acknowledged 
to be entirely empirical and was said to be based on Hoe’s observations 
in the Holborn and Finsbury divisions of the London sewers during more 
than 20 years. It gave the areas which could be drained by sewers of 
various sizes and on various slopes, as indicated by that experience. 

It should be said here that sewerage progress elsewhere in England 
was apparently less opposed than in London. In 1848, Parliament 
passed a samtary code applying to aU parts of England and Wales, 
except London, and in 1855 it enacted a nmsance removal law for all 
England; these laws were the basis of the subsequent sanitary progress 
outside the metropolis for many years. It will be observed, however, 
that the development of sewerage undertakings in that country was a 
direct result of the awakening of the people by a succession of epi¬ 
demics of cholera, for progress did not begin until that disease had twice 
terrorized the country within a short period 

The present sewerage system of Paris, like that of London, was 
inaugurated as a result of a cholera epidemic. The system is unique in 
some ways, although in its early days the Parisian sewers were doubtless 
little different from the conduits enclosing old brooks or receiving storm 
water which were constructed in many large cities. The Memlmontant 
sewer, mentioned in a record of 1412, was of this type, and remained 
uncovered until about 1750. It intercepted the drainage of the streets 
on the northern slope of the city’s area lymg on the right bank of the 
Seine and was called the “great drain” {grand &gout or 6gout de Ceinture) 
The part of the city on the left bank of the river was dramed by open 
gutters leading down the centers of the streets to the river. 

The first attempt to study the sewerage needs of the city compre¬ 
hensively apparently was made in 1808, when there were 14^^ miles of 
drains with about 40 outlets into the river, and during the next 24 years 
about lOH miles more of drains were constructed In 1832 the ravages 
of cholera awakened the authorities to a partial reahzation of the city’s 
insanitary condition. The foUowmg year a topographical survey was 
made and, with the aid of the maps based upon it, five systems or divi¬ 
sions of sewerage were planned, based on topographical features of the 
territory rather than on the administrative boundaries of panshes, 
which caused so much delay in the development of rational drainage 
at London and have been harmful in the United States. Many of the 
low-lsting streets along the river were raised at this time above the level 
of any known flood, which indicates that the work was regarded as drain¬ 
age rather than house sewerage. The regulation of the streets was 

able to obtain any accurate information rosarding such work from either Phillips or Roe 
He stated that he had been forecd to make ertensire gagings in oonsoquenoe, and these 
showed that about half the sewage coming doily from the 11 BQuare miles tributary td the 
gaging stations passed off between Q a, u and 6 f u. 
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attended in some cases by the reconstruction or entme abandonment of 
the old sewers in them. One of the most interesting features of the work 
was the change in the cross-section of the streets from concave to con¬ 
vex, for reasons explained by H B Hederstedt 

With regard to the conversion of the concave surfaces of roads into 
convex, it may be shown to have formed an important part of the drainage 
system. Against hollow roads, there were always complaints The old 
plan constantly cut up the roadway with cross-channels or gutters Another 
object had been considered, however, m makmg the change, the certainty 
of freeing the roads more readily from ramfall. In the concave roads, iron 
gratings were set on the top of small working shafts, built on the crown of 
the drain arch. These iron gratmgs frequently became clogged and the 
passage of the water was impeded to such on extent that raised planks were 
occasionally used to enable foot passengers to cross the road, the vehicles 
meanwhile being compelled to travel through a sea of mud. The old road¬ 
way had, in many places, to be lifted to obtain sufficient headway for the 
minimum-sized drains, the value of the convex roads, as affording an 
extra height, is therefore obvious ^ 

The new sewers built in Paris from 1833 onward were made 6 ft 
or more high wherever possible, in the belief that the workmen employed 
in cleaning them would discharge their duties more efficiently if they 
could labor without being forced to take unnatural positions.® Toward 
1848 the little sewers were given a mimmum height of 5.5 to 5 9 ft with¬ 
out exception, and a width of 2.3 to 2 6 ft at the springing hne of the 
arch, the width at the invert being a trifle leas. Humblot says, “These 
dimensions are too scanty; for getting about easily at least 2 m. height 
and 1 m width are needed.” When it became necessary later to 
enlarge some of these small sections to receive water mams, the top was 
widened out on one side (sometimes on both sides) while the lower part 
was left narrow, thus producing those sections shaped something hke 
the letter P which have been the subject of strange comments from 
persons unfamiliar with, their origin. 

Although there has been a great deal of criticism of the large Parisian 
sections it has generally failed to take into account that the sewers of 
that city have been built with a view to removing street refuse'as well 
as sewage and ram water. There are no catchbasins on these great 

^Proc Inst C E , 2i, 202. 

> " One ronaon for makinK the Btnalleafc oloas of public sewers in Paris so muoh larger than 
they ore in every other city is the practice which, tlU within 10 years, oastsd only there, of 
placing the water mains In them " (E. S Chesbrough, 1660 ) In commenting on the loca¬ 

tion of water moms in the sewers, Humblot stated In a report, in 1680, that the flat portions 
of Paris wore largely on filled ground and the hills wore undermined by old quarnes, so that 
leaks in mains laid in earth would rarely be detected, and it was particularly desirable to 
keep the mains exposed so that thoir condition could bo observed constantly Telegraph 
and telephone lines and pneumatic tubes for tronsportmg^moil were placed in the sewers on 
aooount of the facility of installation and maintenance Qos mains were also placed in a few 
of the sewers until explosions led to the abandonment of this practice. 
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drains, so that everything entering the inlets and not caught in the little 
baskets suspended in some of them, passes directly into the sewers. 
The streets are cleaned largely by washing them with hose streams. 
The street htter is flushed into the sewers and is swept down the latter 
by storm water and by the sewer-cleamng gangs into the larger sewers 
or collectors. Some of this sludge is removed through manholes 
but most of it is flushed through the collectors or intercepting sewers 
by the bateaux vannes and wagons vannes. These are boats or cars 
provided with wings reaching nearly to the walls of the channels. The 
wings dam up the sewage somewhat and it escapes around their edges 
with a higher velocity than that of the ordinary current. In this way 
the sludge is stirred up and carried along ahead of these cleaning devices. 
Other means of cleamng are also employed, but it is unnecessary to 
describe them here, the reader interested in the subject will find the 
whole field of the design, construction and management of the Paris 
sewer system descnbed in Hervieu's "Trait6 Pratique de la Construction 
des Egouts" (Paris, 1897). A large part of the sludge is forced along 
into large chambers on the banks of the river, where it is discharged 
through chutes mto barges which remove it to various places of disposal. 

The chief feature of this work inaugurated in 1833 was its recognition 
of the principle of interception. Longitudinal drains of large section 
were laid out parallel to the river and only three of the forty old mouths 
of independent sewers were left in service, the remaimng systems being 
made to discharge into the interceptors. The rain water falhng on the 
roofs was taken at first through leaders to the gutters, but later was 
diverted in some cases to the large “house drains,” with sections big 
enough for a man to walk through, connecting the houses with the sewers 
but used only for delivering waste water and not for excrementitious 
matter. The latter was discharged for many years into cesspools, one 
frequently answering for an entire block of houses. 

The Parisians committed the fatal mistake, about 1820, of insisting by 
ordinance on cesspool construction It was recorded that the whole subsoil 
of Paris was on the pomt of becoming putrid with cesspit matter, and that 
the ordinance was passed m consequence By it aU cesspits, as matters of 
private construction, were abolished, and the construction of cesspools on a 
gigantic scale was undertaken or directed by the mumcipahty, and all persons 
thereafter buildmg houses were obliged to constiuct “hermetically sealed 
cesspools’* after a municipal or royal plan which had been devised by the 
government engmeers of France Into those cesspools effete matter from 
water closets, grease and washmgs from the smks, and such refuse was to 
be discharged ^ 

The cesspools finally became so offensive that the nostrils of the 
Parisians were plagued and a new system of sewerage was developed. 

1 Ravlinbon, Sib Bobubt, Proa. Inst C P , 31, 318. 



12 


AMERICAN SEWERAGE PRACTICE 


At that time European sanitanans were divided into two sclioolfl, 
advocating respectively the "dry” and the "water-carriage” mothodfl 
of collecting excrementitous matter. In the former, this matter i.s 
collected and removed in pails and in the latter it is flushed into the 
sewers. The former is still used in a number of European cities, but as 
it is not employed except on a small scale in the United States it is 
necessary here to give only the following brief account of it, abridged 
from Henng’s report on European sewerage, mentioned later in 
this chapter. A complete summary of the subject is given in Bau- 
meister's "Cleaning and Sewerage of Cities,” where the methods of 
cleamng cesspools, the equipment for "dry” collection, and the dis¬ 
posal of the contents of the pails are treated with a detail unnecessary 
to repeat for American readers. 

Water carnage was opposed by European chemists, physicians, and agi’i- 
culturalists because of a fear of contamination of the soil by leakage from the 
sewers, the possible pollution of bodies of water receiving the sewage, and 
possible nuisances, if not actual dangers, where the sewage was distributed 
over land. Engineers were generally favorable to water carnage. Dr 
Pettenkofer, the famous hygienist, was at first on opponent of it but sub¬ 
sequently became an advocate 

Dry removal accomplished its object satisfactorily, either by an immediate 
and thorough disinfection with subsequent removal at convement intervals 
or by temporary storage with frequent removal before decomposition could 
be rendered mjunous 

There were two common methods of disinfection. The first was the partial 
absorption of the sewage by dry earth, peat, charcoal, and like materials, 
which accelerated its decomposition and dimimshed offensive odors. The 
second was the addition of carbohc acid, chloride of hme, creosote oil, and 
other chemicals to the sewage. 

Where there was no disinfection, the excreta were collected in a "pail,” 
(called/osse mobile m France and tonne in Germany) made of iron or oak and 
provided in some cities with a tight hd havmg a sleeve fittmg closely around 
the bottom of the soil pipe These pails were collected at mtervals of a 
day to a week and clean ones substituted for them. Where the system was 
conducted most satisfactorily, the pails were removed in wagons with tightly 
closed bodies and were carefully cleaned after being emptied. The contents 
were frequently used for fertihzmg purposes. 

The dry system, to compare favorably with the water-carriage system, 
must be restricted to (1) small towns, on account of the expense of cartage; 
(2) towns where the regular exchange of the pails can be enforced with almost 
military strictness, which is seldom found outside of a few European coun¬ 
tries; (3) dwelhngs where water closets cannot be used; (4) localities where 
sewerage would be very expensive; (6) where the waste water con bo led 
over the surface of the ground without causing offense. 

There was an unusual modification of the pail system employed for some 
time m Paris after the cesspools became too offensive. The engineers of 
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tlie city were early advocates of water carriage for removing fecal matter, 
but there was great popular opposition to this although the large storm-water 
sewers were available for water carnage and their contents were already foul 
with the refuse washed from the streets Accordingly a fosse fiUre was tem¬ 
porarily used to educate the pubhc. It was a cask of 20 to 26 gal. which 
retamed all sohds reochmg it through the soil pipe but permitted the escape 
of the liquids into the sewer. As the hquids are the most putrescible parts 
of the excreta, some samtary gam was made m this way, and, as soon as 
popular prejudice abated, the pail and its connections were removed and the 
soil pipe connected with the house dram by a few feet of pipe. 

The early sewerage works in the United States are almost unknown.^ 

^ The early Amenoaa sewerage cnglneors of note were first engaged on such work by 
chance, not inclination The het is headed by E S Cheabrough, who was born m 1813 
and died in 1880 He became a ohoinman on railroad surveys when he was fifteen years old, 
and rose gradually in railroad engineenng positions until 1846, when he beeame chief engineer 
of the Western Division of the Boston water works. He was reluotont to aooept this work 
on account of his lack of famillanty with anything but railroad engineering, and only under¬ 
took it with the aasuranoe that J B Jervis would act os consulting engineer He remained 
on this work untU ho beeame city engineer of Boston, in 1860, and thus first beeame inter¬ 
ested in sewerage He resigned in 1666 to bcoomo the engineer of the Chioago Sewerage 
Commission and, while holding this office, he published, in 1866, a voluiumous report on sew¬ 
erage winch was the first really important American exposition of the subject TTIr plans for 
the Chioago sewers wore adopted and that city was the first important place in the country 
to engage in the systematio execution of a oomprohensivo sewerage system. This estab¬ 
lished his reputation as a specialist and ho was subsequently consulted in connection with 
sewerage problems by Boston, Burlington, (Iowa), Chattanooga, Dea Moines, Dubuque, 
Memphis, New Haven, Poona, Providenoe, and many smaller places. He was the 
eighth president of the Amonoan Sooicty of Civil Engineers 

Moses Lane, like Chesbrough, was a railroad engineer in early life. He was bom In 1823 
and was graduated from the University of Vermont in 1646 as a oivil engineer He was 
engaged in alternating periods on railroad engineering and os a teacher down to about 1867, 
when he beeame principal assistant engineer of the Brooklyn water works, under J F. 
Kirkwood, and finally suoaoedod him. In 1800 he became a partner of Chesbrough in 
Chicago and thus came Into touch with sewerage work for the first time His most import 
tant plans for sewers were the systems fer Milwaukee and Buffalo, bufrhe also funushed 
plans for a number of smaller places When ho died in 1882, he was serving os city engineer 
of Milwaukee, a place ho Lad previously held from 1676 to 1878 'While his prominence 
OB a designer of water works overshadowed his sewerage engineering, be did some of the 
best work of Ms time in the latter lino 

Jaiiios P lOrkwood, born in Scotland in 1607, was one of the most painstaking engmeers 
eonneoted with Amorloan sewerage work He reoelvod his toohmool edueation os an appren¬ 
tice to a Bootoh engineering firm, and then came to the United States From 1832 to 1866 
he WIU3 engaged mainly on rallropd work, in whioh ho rose to high offioe, but was also oooa- 
sionully employed by the federal government In 1666, ho undertook some difficult recon¬ 
struction of water mains m New York, whioh attraotod so much attention that m the 
following year ho was mode cliief onglneor of the Brooklyn water worla Before thu work 
was oomplctod, lus health beeame poor, and although ho was subsequently eonsulted by 
many el ties and planned many Important water works ho was imablo to aooopt the numerous 
invitations to build the works ho designed Hia oonnootlon with sewerage plans was 
usually that of a oourt of final jurisdiotion on the designs of others, and the oonservadsm 
of hiB views, as expressed m the old reports by him in the hbrory of the American Soolety 
of Civil Engineers, is in oontrast with those of the oontomporary Amcnoan advocates of 
extremely small pipes and other vagonos due to Chadwick and his followers m England 
His most Important original work in sewerage was probably in oonnootlon with an investi¬ 
gation of the pollution of Massaohusetts nvers, mode in 1876 for the State Board of Health. 
He was the sooond president of the American Society of Civil Englneors, he died in 1877, 
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Often they were constructed by individuals or the inhabitants of small 
districts, at their own expense and with little or no public supervision. 
In the early part of the nineteenth century, water boards were not 
infrequently placed m charge of the sewerage works, which were used 
mainly for drainage of storm water, as cesspools were generally employed 
for fecal matter. The last city to bamsh cesspools was Baltimore; there 
were 80,000 of them in that city in 1879, according to a report of C. H. 
Latrobe, and many of them had overflow pipes discharging into the 
storm-water sewers, which was contrary to law. He estimated that the 
annual cost of cleaning these cesspools, at the contract pnce of $3 per 
load, was $96,000. As a result of the fouling of the soil by the contents 
of these pits, the City Health Commissioner reported in 1879 that, of 71 
samples of pump and spring water taken within the city hmits, “33 

Of all the eneineere who were prominent in planning the earliest Amenoan sewerage 
systems, Col Juhus W Adams is probably the boat known today, beoause his treatase on 
' ‘Sewers and Drains for Populous Distnots,” published in 1880, was widely used by engineers 
for at least 25 years, and his professional aotivitloa in many direotions, such os talking the 
people of Brooklyn into starting the Brooklyn bridge, made him a well-known personage 
His early engineering work was done on railroads, and it was not until 1667 that he undertook 
the sewerage of Brooklyn, mentioned in some detail in this Introduction The book referred 
to IS very interesting os explaining the pnnoiplcs foUowed in the Brooklyn design, which 
proved to be too small in the larger seotions, a faot he aeknowledged without hesitation os 
soon as it was apparent and frequently mentioned as proof of the need of better knowledge 
of fundamental principles of design than he possessod in 1667 He was frequently retained 
later to pose on sewerage plans and wrote from time to time to the press on the subject, 
portioulorly while he was advisory editor of Engtneenng News He was the sixth presi¬ 
dent of the Amenoan Society of Civil Engineers 

The Boston intercepting sewerage system was authorised by the legislature in 1870, on 
the basis of a report by E S Chosbrough, Moses Lane, and Chas P Folsom, the latter the 
energetic seoretory of the Maasaohusetta State Board of Health It-was designed and partly 
built under the direction of Joseph F Davis, who had gamed experience under Kirkwood 
and Chesbrough, and was a suacessor of the latter os city onglnoer of Boston His great 
modesty and doe]|^version to a conspicuous position in public led him to deoline on several 
oocosions a nomination as president of the American Society of Civil Engineers. The inters 
cepting sewerage system of Boston was the first groat undertaking of the kind m this country, 
and gave its designer an international distinction as a sewerage speoiohst 

The sewerage system of Providence was deelorcd in 1881 by Rudolph Henng, after a per¬ 
sonal investigation of such work in our cities and in Europe, to bo equal to anything abroad 
and much better than the work elsewhere in this country The system was designed m 
1860 by J Herbert Shodd, tlicn chief engineer of the water works and later city engineer, 
and its construetion was under the personal supervision of his assistants, Howard A. Carson 
and Otis F Clapp, later appointed city ongmeer Mr Shedd's report of 1874 on these sewer¬ 
age works was long a famous engineering document. He designed his sewers to carry off 
30}^ cu ft per minute per acre, without entirely filHng their section, and employed a runoff 
formula providing for the offeot of dlfiTorent slopes, with the result that his aross-sectlons 
proved large enough for their purpose At the request of the mayor, the system was 
examined in 1876 by Qon.. Qoorge S Greene, Col J W Adams, and E S Chesbrough, who 
reported that it was well designed and "the details of oonstruotion . . have been carried 
out with a regard to important minutiie which is rarely seen in such work ” Owing to the 
later prominence of tho Boston work, it is only right to pomt out that the Providence sewers 
formed for some years tho model Amenoan system 

Edward S Fhilbrick, bom in Boston m 1827 and educated at Harvard, was engaged on 
railroad and struotural engineering mainly down to the Civil War, when he became active 
in the work of the Sanitary Commission and thus had his attention turned toward pubhc 
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were filthy, 10 bad, 22 suspicious, and 6 good.” In 1906, Bering, Gray, 
and Stearns reported on a general plan for the sewerage and sewage 
disposal of this city, which led to the construction of a comprehensive 
separate sewerage system and disposal works. 

There was a tendency in this country, as elsewhere, to construct the 
early sewers of needlessly large dimensions One of the oldest sewers 


health niattnra He was a great etudont of sewerage and sewage disposal problems and was 
oeonsionally engaged to report on them, but the greater part of his professional work 
remained m railroad and structural linos His effect on American sewerage praotioe was a 
marked one, however, because ho enjoyed writing about the subject for the press and talking 
about it before the students of the Masaaohusotts Institute of Technology and the municipal 
authorities of many towns and cities. Even niter extensive businesB enterpnses eompelled 
him to give up active engineering praotioe, he continued to preach the gospel of good 
sewerage 

It would not bo proper to olosc this brief list without a mention of the umque position held 
by Dr Hudolpli Hcnng in the history of Amonoan sewerage Like others named, he took 
up Boworage work by ohanco He was engaged for a number of years in supervising the 
construotion of various municipal works in Philadelphia and in this oapaoity he rebuilt 
some of the dilapidated struotures of on earlier day, oonstructed In many oases with porous 
inverts for the purposo of admitting ground water and draining cellars. This led him to 
investigate the reasons for the failure of these old sewers, which proved such an interesting 
subject that ho presented tlie matter as a paper before the 1878 annual convention of the 
American Society of Civil Engineers. It will be found m the Sooiety's Tranaactwna, 
1, 262, and was not only the first, but also for many years the solo, Amerioan discussion 
of the design of sewer soctlons to carry the external loads oommg on them. Although it 
was not so stated in the paper, the sections were designed to rest on platforms and resist the 
most unfavorable loadings to wlilch such struotures were exposed The sections were, 
thus, somewhat heavier than would be needed under many conditions, but tl^eir publication 
was beneficial as eountcraotlng a tendency at that time toward very light oonstructlon 
This and otlicr profosaionol papers on allied Bubjocts attracted attention to their author, 
and when the National Board of Health desired to make an investigation of European 
soworago work, ho was naturally sclcated, being a graduate of one of the best German 
polytoclinlo schools and familiar with American sanitary engineering practice. Bearing 
letters of introduetion from a powerful semloffioial body, ho was able to gain the close 
aoqualntanoQ of the English and European sewerage engineers, and to oseertain what the 
loaders among them thought of the many disputed features of their work. His report of 
his work, forming the first clear Amonoan analysis of all the mam problems of sewerage and 
the nietliods of solving them, established his reputation as speoiohst. 

Finally, the name of D E MoComb should be mentioned as the first Amerioan engineer 
who dared to build large sowers of conoroto. Many wished to do this, but were afraid of 
the qunhty of the oonorcto which would be produced as a city job, just os this feehng of 
distrust lasted many years longer in Groat Britain and led the Local Government Board 
to require, in the case of rcinforood concrete sewerage works, an amortization fund oorre- 
sponding to a life of 16 years only MeComb was supenntendent of sowers in WaBhiiig- 
ton and was convinced he could got good results In 1883, Capt, B L Hoxie designed a 
16- by \7\i-it oonorcto sewer with a oomploto brick hmng, whioh was built in 1886 under 
MoConib's supervision, this sewer was 2,600 ft. long and the maximum depth of trench was 
about 80 ft. Another conoroto sower designed and built at the same time hod a mroular 
section of 10-tt. dlamoter and a bnok hning These are the only concrete sewers in Washing¬ 
ton with a brick lining in the invert and arch. In 1888, MoComb constructed a oonorete 
sower 7 06 ft in diameter and 864 ft long, and, in connection with it, a gravel-oatohing basin 
of oonorete, with on arch of 24 4 ft and a nee of 4 6 ft, the thiokness at the crown being 
1 6 ft Since that date, the use of oonorete in sewer construotion has been the rule in Wash¬ 
ington, the inverts usually being lined with vitrified bnok The suooess of the 1886 experi¬ 
ment led to the use of oonorete for large sewers elsewhere, and it soon was demonstrated 
that they were loss expensive than brick sewers and could be made without serious diflBoultles 
in seouring good workmanship » 
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in Brooklyn was in Fulton Street. Although it drained an area of less 
than 20 acres and was on a grade of 1 in 36 it was 4 ft high and 6 ft. 
wide. For many years the largest sewer in Manhattan was that m 
Canal Street, built somewhere between 1805 and 1810; it was 8 by 16 ft. 
in section and about 1860 was in very bad condition, being referred to by 
engineers of that time as affordmg instructive information of things it 
was wise to avoid. Its large size doubtless was made necessary by the 
existence of a brook at this place which was at one time provided with 
plank, walls and was used by small boats, as illustrated in Valentine's 
“Manual of New York.” In some cases, the sewem were not only very 
large at their outlets but were continued of the same size to then heads; 
it was impossible to secure adequate velocity in such sewers unless they 
were laid on steep grades, and consequently some of them became offen¬ 
sive when the sludge accumulating m them underwent decomposition 
In some cases, the grades were in the wrong direction, an instance of this 
is mentioned in a report on Boston sewerage problems made in 1876 by 
E. S. Chesbrough, Moses Lane, and Charles F. Folsom: 

The filling m of the old mill pond naturally necessitated the extension 
of the sewers of that district to discharge into the canal; and, upon closure 
of the canal, the sewers were intercepted by a main which now discharges 
on both sides of the city, very irregular in grade, and whose two outlets are 
matenally higher than its central point at Haymarket Square, thereby 
causing obstructions in that whole drainage district 

Such conditions as these produced the same nuisances which were 
so marked in English and Continental cities in the middle of the last 
century For instance, R. C Bacot, supenntendent of the Jersey 
City water and sewerage works, reported as late as 1866. 

The situation of these sowers and the necessity of their entire reconstruc¬ 
tion has been brought to the notice of the proper authorities in my annual 
reports of the last four years, but nothing has been done by those imme¬ 
diately interested to remedy the evil. The outlet of the Henderson Street 
sewer (which is the receptacle of all these lateral sewers) being effectually 
closed up at the Moms Canal, no sewage matter can pass away, and con¬ 
sequently these sewers are almost entirely filled up with putrefying matter 

Much trouble was caused by the construction of sewers by individuals 
and then subsequent acceptance by the city. As long ago as 1860, 
Rogers, Chesbrough, and Parrott protested against such work in the 
foUowing terms, in a report to the City of Boston: 

As the law now stands, any proprietor of land may lay out streets at 
such level os he may deem to be for his immediate interest, without munici¬ 
pal interference; and when they have been covered with houses and a large 
population is suffering the deplorable consequences of defective sewerage, 
the Board of Health is called upon to accept them and assume the respon- 
sibihty of applying a remedy. 
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About the time that the last quotation was written there was consider¬ 
able discussion among English engineers concerning the proper grades of 
sewers, and this controversy was duplicated on a less acnmonious plane 
in the United States. Lmdley and Rawlinson were among the leading 
advocates of flat grades with ample provision for flushing, while Wick- 
steed was probably the leading champion of enough slope to keep the 
sewers clean without other flushing than was afforded by the ordinary 
maximum daily flow. The low-grade school had its way with a venge¬ 
ance at Charleston, S. C., m 1867, where a sewer was built without any 
slope. It was 2% miles long, 3H ft. wide and 4H ft. high, with plank 
bottom and brick sides and arch. Each end had a tide gate, and the 
tides were such that, at certain times m the day, a flushing current 
strong enough to move broken brick, sand, and clay could be sent 
through the sewer 

Some of the difficulties which the Amencan designer of sewers, without 
professional treatises of much value and lacking the help of the profes¬ 
sional societies and journals of today, encountered in the middle of the 
last century are set forth in a report by Strickland Kneass, Chief 
Engineer of the Department of Sewerage of Philadelphia, m 1867: 

That portion of oui’ charge which requires the most mature dehberation 
and careful examination is the arrangement of systems for drainage, with 
the proper proportionmg of the sewers and drams constituting such systems, 
and has required a course of study and research that has been but httle 
attended to in our city It is a subject that has such a vanety of elements 
within it as to have rendered it a matter of close mvestigation for a series 
of years in the city of London, by commissioners appointed under acts of 
Parliament, the results of which are very volummous and furnish much 
practical mformation, from which may be deduced laws of great value on the 
question of waterflow m sewers, yet so widely do they differ from expenments 
on record, made upon a small scale—^upon which our mathematical for¬ 
mulas have been established—^that judgment must be exercised in their 
adoption, but we hope to make such expenments upon some of the most 
perfect of our own sewers as will enable us to draw a companson between 
their pratitical and theoretical value. Nevertheless, we have given the 
subject much consideration, and believe that the prmciples upon which we 
have arrived at the proportions of those sewers and drams already designed 
ore correct, and will be found to be fully adequate to the purposes mtended, 
yet with a strong hope that much savmg may be made hereafter by a further 
reduction in the proportions of sewers for a given drainage. 

The foul condition of the streets of Philadelphia at that time, owing 
to the filth discharged or cast into the gutters, is evident from another 
quotation from the same report 

There should be a culvert on every street, and every house should be 
obliged to deliver mto it, by underground channels, all ordure or refuse that 
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is susceptible of being diluted- The great advantage in the introduction of 
lateral culverts is not only that underground drainage from adjacent houses 
should be generally adopted, but that by the construction of frequent mlets, 
our gutters would cease to be reservoirs of filth and garbage, breeding disease 
and contagion in our very midst. 

About the time Kneass was hoping that experiments would enable 
him to adopt smaller sewer sections, another Amencan city was under- 
takmg the construction of a sewerage system, based on the best English 
data of that period, which taught a needed lesson of the danger of con¬ 
structing sewers on any other basis than a complete understanding of the 
requirements of the locality they were to serve. The lack of such 
information was pointed out by the engineer of the works m question, 
the Brooklyn undertaking of 1867-1869, which was designed by Col. 
Julius W. Adams. In his reports of that date he made these statements: 

The sewers m this city already built are too few m number, and their 
use too restncted and with too hmited a supply of water, to enable us to 
denve from them data of any value whatever, and the attempt to obtom 
it by gaging the sewers in New York City, with the imperfect system which 
from past necessity has prevailed there, would be attended with a great 
expenditure of time, and from various causes, great uncertainties would 
arise as to the value of the results obtained. No gagings, to our knowledge, 
have ever been made of sewers in this country, and very imperfect records 
exist of their dimensions, inclinations, and other characteristics. If gagings 
have been taken, they have been too hmited in scale to furnish data for a 
system of sewers m a city of so rapid a progression m population as Brooklyn 
promises to be, hence, we are driven for the necessary mformation to those 
cities abroad where the subject has been forced on the pubho attention for 
a senes of years 

From recorded observations it appears that in a particular district, a 
rainfall of m m3 hours took 12 hours before the flow in the sewer resumed 
its ordinary level on areas such as we are considering, and a ramfall of 1.1 
in in 1 hour and 0 3 in. in the next 2 hours occupied m disohargmg 16^ 
hours, those points nearest the outfaU drauung off first, the more remote next, 
and some portions would be entirely clear before the water from the most 
remote points would reach the outfall. 

The present plan is calculated for a ramfall of 1 m. in 1 hour, to be dis¬ 
charged m 2 hours, or a discharge of cu. ft. (3^ gal) per second per 
acre of area drained. 

It has been seen that we may estimate one-half of the flow of sewage, 
mcludmg all waste water due to 24 hours (everything but the ram) to run off 
in 8 hours, from 9 am, and that the sewage equals in amount 114 the 
water supply, or for 40,000,000 gal water the sewage may be estimated at 
60,000,000 gal, the half of which running off m 8 hours, gives 3,126,000 gal. 
of sewage per hour during 8 hours, which, from 12,000 acres, gives 260 gal 
or 33 cu ft per acre per hour, or less than 0 01 in in depth over the whole 
area, while the capacity of the sewer is calculated for an inch m depth 
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To avoid intricacy of calculation and to err on the safe side by an 
excess in the dimensions of the pipes over the absolute requirements of 
the case, according to Adams’ report, it was permissible to 
employ for liimted areas, at the summits of branch sewers, and elsewhere 
as experiment might dictate, the “formula for discharge from a still 
reservoir,” but for larger areas and mams he preferred to be governed 
by Roe’s gagings of the London sewers. The minimum inclination 
given to the sewers, when running half full, is stated in Table 1, and was 
considered great enough to produce a velocity 

. . . which will sweep away any substance which should bo found m the 
sewers and many which should not. This quantity of water can be mtro- 
duced at any time by the process of temporary dams or gates at the man¬ 
holes, produemg a sudden flush or scour of the sewer by water from the 
hydrants. 

This table is of interest in comparison with the authors’ recommenda¬ 
tions for minimum grades in Chap. III. 

Table 1 — Minimum Grades Recommended in 1869 by Col. J. W 
Adams for Sewers Flowing Half Full 


Diameter, in . . 

0 

9 

12 

16 

18 

24 

Slope, ratio, 

Ho 

Ho 

Hoo 

Hbo 

Hoo Hoo 

Slope, percentage 

1 67 

1 11 

0 5 

0 4 

0 33 

0 26 


It might be added here that the recommendations for minimum slopes 
for brick sewers 36, 42, and 48 in. in diameter were 1 in 600, 700, and 
800, respectively. By way of contrast, reference may be made to the 
minimum grades adopted by C. Howard Ellers, Chief Engineer of 
Sewers of Chicago in 1881, which were 0.2 per cent for 12- to 18-in pipe, 
and 0.1 per cent for 20- to 30-m. sewers. 

Although Colonel Adams was a leading student of sewerage problems 
and his plans were checked by James P. Kirkwood, a most careful and 
thorough engineer, the system proved madequate, as is shown by the 
following quptation from a report of the chief engineer of the Brooklyn 
sewerage works on Dec. 23, 1870: 

Your engineer has been aware for several years of the importance of 
improving the sewerage system; and the frequent complamts of house¬ 
holders in certain localities of the city have caused the most careful mves- 
tigations to be made from time to time. Many of the mam sewers proved 
to be too small since the districts have been built over, and are, in not a few 
instances, at too low a grade. The lower portions of many districts are 
frequently inundated, and what is proposed is a system of mterception of 
the sewage and storm water of the upper portion of such districts; the bwer 
sewers will then be ample in size to deal with the volume of flow which will 
be due to them. 
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The history of sewerage works has been marked until comparatively 
recent times by just such results of rehance on imperfect information for 
design.^ Much damage has been done by flooding cellars with storm 
water and sewage from surcharged sewers. Under the law of most 
states, which is explained in great detail in the famous New York case 
reported m 4 N E. Rep. 321, if the city and the engineer follow out the 
legal requirements govermng sewerage works, parties damaged by reason 
of defects due to mistakes in the design have no ground for action 
against the city. This shows the grave responsibility of the engmeer 
and makes it incumbent upon him to utilize every possible source 
whence information pertinent to the design may be secured. The legal 
rule in question was stated bnefly as follows by the Maine Supreme 
Court in Keely vs. City of Portland, 61 At. Rep. 180: 

A municipal corporation is not responsible in damages for injuries caused 
to a person’s property by the flowing back of water and sewage from a public 
sewer with which the property is connected, where this injury results from 
some fault m the location or plan of construction or in the general design of 
a sewer system, and not at all because of want of repair or failure of the 
municipahty to mamtam the sewer to the standard of ofliciency of its ongmal 
plan of construction 

A peculiar aspect of the subject was settled in 1905 by the Nebraska 
Supreme Court. In 1882 the city of Omaha adopted plans prepared 
by George E Waring, Jr., for the sewerage of a part of the city, although 
the city engineer, Andrew Rosewater, protested against this action on 
the ground that the proposed lateral sewers were too small, being but 6 
in. in diameter. The system was installed and it became necessary to 
build a larger sewer paralleling one of the laterals, except where it was 
on a steep grade. A property owner brought suit to enjoin the collection 
of special assessments for the larger sewer, contending that had the city 
followed the advice of its city engmeer, it would have saved the money 
wasted on an inadequate system. The court ruled, however, that when 


> Among the unique seworage ayatoma built In early daya in the Umted Btatea that in the 
older part of Son !Franoiaoo haa an exoeptionnlly prominent plaoc, for the methods of design 
and eonatruotion were marked by a eomploto disregard of proper ongineermg prlnolples, as 
IS evident from the following quotation from a paper by C E Grunsky on "The Sewer 
System of Son Eronoisoo" in Trans Am Soo C, E , IQOQ, 65, 204 

"The plan . . , seems to have boon to oonstruot ogg-shaped biiok sewers, 5 ft high 
and 3 ft, wide, in all streets and alleys whore property was valuable and oould afford to pay 
for large sowers . . The sise of sowor woe frequently determined by the Superintendent 
of Streets, who was never a oinl engineer . The invert, os required by ordinanoe, 
was placed 10 ft below street grade, generally level, or, duo to tho intolligenoe of moat of 
the Bow^ contraotors, a fow inohes lower at the downhill side of the street mteraoetion The 
lewera in the Intersection might connect with other briok sewers of like size, or with larger 
sewers, or with small pipe sowers, aoeording to what was prescribed at some other time, for 
the streets leading from the interseetion ’’ 
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tlie city council, misled by the glamour of a great name, employed 
Colonel Warmg, they did what any prudent, cautious business ma-n would 
have done under hke ciicumstances and the plamtiflE cannot complam if 
their judgment was erroneous. 

The sufficiency for its purpose of one of the largest sewers in the 
country was approved by the Missouri Supreme Court in the case of 
Gvlath vs. City of St. Louis, 77 S.W Rep 744. This related to the 
Mill Creek sewer in that city, draimng about 0,400 acres and begun in 
1864. At its upper end it is 10 ft in diameter and at its lower end, 5 
miles distant, it is 10 by 20 ft. m section. It was designed to care for a 
rainfall of 1 in. per hour. Before it was built, the site of the plamtiff’s 
store was overflowed by the creek many times, according to testimony. 
After the sewer was constructed, the site was overflowed but three times 
down to the date of the suit, and on each occasion after an unusual 
storm. The court ruled that such exceptional storms need not be taken 
into account by the engineer in designing such works ^ 

Although where a properly authorized official or committee adopts 
plans for a sewerage system the city cannot be held responsible in most 
states for damages resulting from defects of design, it has been held by 
some courts, as the Wisconsin Supreme Court in Hart vs. City of NeiUsviUe, 
104 N W. Rep 699, that the mere existence of sewers will not be con¬ 
sidered the equivalent of a plan. In that case the court held that if a 
sewerage system was constructed without a properly adopted plan, the 
city IS liable for any damages that may result from defects in it. The 
court also ruled that though a city was not liable for damages to private 
property caused by mere defects in a properly adopted and executed 
plan, if it was informed of such defects and the direct continuing injury 
to private property that would result unless they were remedied, it 
should exercise ordinary care to prevent such a result and was responsible 
for damages caused by any negligence in this respect. This ruling 
indicates that when a city takes over the improvements made upon a 
large tract of land, such as the “additions'' so frequently absorbed where 
communities are developing rapidly, the plan and construction of the 

1 This was oxproflBod In the following worda in a prolimlnnry report by the New York 
Motropolitun Soworago CommlBslon: “The Importanoe of giving careful QonBideration to 
the rainfiill is greater in designing oollobting systems of sewerage than in providing for final 
disposition The fuiiotion of such sewers Is not only to oarry ofi the drainage of the houses, 
but to prevent aoouniulations of water in the streets. It sometimes happens, when esoessive 
foils of ruin ooour, that sowers ore surohurgod. At suoh times tlio drainage of houses is 
interfered with and often stopped, in whioh ease oollars may bo Hooded and other serious 
inoonvonieneo produced It is usually irapraoticablo to provido oombinod sowers of a size 
and grade sufiiciont to carry away the water which fells in storms with sufficient prompt¬ 
ness to insure that inconvonlenoe from flooding shall never ocour. At long intervals rain¬ 
falls of oxeeptlonal severity take plaoe, and, to provide for those, sowers would have to be 
built so very large that they would represent a oonsiderable investment over the sum 
required to give them sufficient oapaoity for all the ordinary and most of the heavy rams 
whiob are hkoly to fall." 
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sewerage systems should be very carefully scrutinized before the papert 
are finally signed. 

In the design of sewerage systems down to a comparatively receni 
date, there seemed to be a strong preference for outfalls in tidal waten 
which were locked by flood tide, and it was by no means rare to find th( 
outlets at an elevation which insured their submergence at mean tide 
In its investigations of the sewerage systems discharging into New Yort 
Bay, the Metropohtan Sewerage Commission reached the conclusior 
that two opimons led to this construction, the first that the sewei 
bottom should be given as much slope as possible in the belief that ii 
controlled the velocity of flow in the sewers, and the other that the wine 
blowing into the open ends of the sewers drove the foul air up into th( 
streets through the perforations m the manhole covers ^ 

Another cause of floodmg emsted in some sewerage systems otherwise 
free from defects. This was the preparation of sewer plans by usin^ 
the invert grade or bottom slope, for calculating capacities, instead ol 
the hydraulic grades or slopes of the water surface in the sewers. The 
result of this mistaken policy in Brooklyn down to 1907, was “to produce 
sewers that would overflow at manholes and be, so to speak, elrownec 
out whenever the flow approximated the maximum capacity 

The United States suffered, just as England did at an earlier date 
from the improper design of separate systems of sewerage in which thf 
house sewage and rain water are kept nearly or quite distinct. Just whe 
designed the first system of sewers for removing house sewage separatelj 
is not definitely known, but the prmciple was strongly advocated ai 
early as 1842 by Edwin Chadwick. He has been called the “father o 
samtation m England,” and unquestionably played an important r61e ii 
arousing that country to the need of greater cleanliness, not only ii 
cities but also in rural distncts. He was a man of convmcing address 
great self-rehance and enthusiasm, and strong imagination which was 
unfortunately, not restrained by techmcal knowledge. As a result hi 
advocated, even in meetings of engineers, so-called hydraulic principle 
and some features of design that were wholly incorrect, which at las 

^ That this erroneous praotioe had been abandoned by leading enginoers before the birt 
of many of the readers of those pages is Indicated by the followmg statement in a repoi 
on the Boworago of Brooklme, Moss , made m 1876 by E S Chesbrough, W H Bradlej 
and Edward S Phllbnok: “With regard to the height of the outfall, two Important roasou 
exist for keeping it os high os possible, ms , to prevent the influx of tide water at the moutl 
and to afford on advantageous oonneetion with any intercepting sewer which may hereaftt 
be oonstrueted on the south side of the Charles Iliver for Boston and viciiiity. On the othc 
hand, it is extremely dosirablo to keep the outlet as low as possible, both to seeuie an offimei 
inclination to the sewer and to drain os well os may be the low-ljrlng district . . W 
therefore recommend that the bottom of the outfall be placed at the level of half-tide, an 
that a solf-aetmg tide gate bo placed there Should a grand scheme over be eomod out fc 
marginal Interoepting sowers for Boston, it is probable that resort must be hod to pumpin 
to moke suoh a sohome sueoessful, in which cose the low level above named for the outli 
of the Brookline sewer will not be found objeotionable ’* 

* Rtporl Metropolitan Sewerage Commission, 1010. 
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resulted m his being publicly branded os a charlatan at a meeting of the 
Institution of Civil Engineers at which he was m attendance.^ 

The prmciple of the separation of house sewage from rain water, advo¬ 
cated by Chadwick,2 was so mentonoiis for many places that it was 
developed along rational lines by a number of leading English engineers, 
notably Sir Robert Rawlmson, whose "Suggestions as to Plans for Main 
Sewerage, Drainage, and Water Supply,” published by the Local 
Government Board, did much to prevent the laying of sewers of too small 
size and poor alignment,'without proper facilities for the cleaning which 
is likely to be necessary m all such works. 

The separate system received much study by American engineers, 
as was natural in view of their reliance on English practice for precedent. 
Fortunately, however, the difference between the character of the rain¬ 
fall in England and the United States was known here and its influence 
on the design of sewerage works was appreciated. The English rams are 
more frequent but less intense, and hence our storm-water drains must 
be larger for lilce topographical conditions. Our heavier rains afford 
more vigorous flushmg action in the sewers, so that the necessity for the 
rather elaborate provisions for flushing combined sewers in many Euro¬ 
pean cities IS not so evident here. Wherever the surface drainage could 
be cared for satisfactorily at a low cost without the use of large combined 
sewers receiving both house sewage and rain water, there was a mani¬ 
fest advantage in adoptmg the sepai'ate system, which was used at about 
the same time (1880) m designs prepared by Benezette Williams for 
Pullman, Ill, and George E. Waring, Jr., for Memphis. The Memphis 
system was the most conspicuous, although a comparative failure, a 
fact which the people of the city naturally suppressed for business 
reasons for many years. Colonel Waring received two patents, Nos. 
236740 and 278839, issued in 1881 and 1883, for separate sewerage 
systems, and his use of these patents in ways which many engineers 
regarded as unprofessional brought severe criticism upon him. 

During the summer of 1873, more than 2,000 persons died of yellow 
fever in Memphis. In 1878, 5,150 deaths occurred from the same 
cause, a rigid quarantine and samtaiy regulations were enforced but 
the disease was merely checked and during the next year was the cause 
of 485 deaths The Legislature authorized unusual taxing and adminis- 

^ Soo Proo Inst C E , 24. 

® John Phlllipa, in a paper road boforo the Philoaophlool Sodoty of QIbbbow, Feb. 7, 1872 
Bold "The principle of drainage In towns which I advocate, and which waB flrBt propoBed 
by me, 1b called the Separate SyBtoni, (It 1b generally thought Mr Menziea 1b the originator 
of thlB syatom, but tlilB ib not the fact) I had matured and propoBod It nearly 8 years 
boforo ho resuBcitatod it in 1855. Tlila was in 1847, whon I was Chief Surveyor of a largo 
portion of the Metropolitan (London) sowers . In ray preliminary report in 1849 
on the drainage of the Motropohs (London) I proposed this system for adoption But 
publio opinion was not then prepared for this advanced idea, and, in oonsequenoo, my 
proposal not only mot with no support, but with oonsiderable opposition " * 
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trative methods in the stricken city, whose affliction aroused the sym¬ 
pathy of the whole nation and was largely responsible for the formation 
of the National Board of Health. A committee of the Board sent Colo¬ 
nel Waring to the city, which was inspected and surveyed under his 
supervision. The maximum sum that could be raised by taxation for 
sewers was $368,702, and sewerage was greatly needed so it was neces¬ 
sary to make the money go as far as possible. 

Waring designed a separate S 3 ^tem using 6-in. lateral sewers with 
a 112-gal flush tank at the head of each, discharging once in 24 
hours. The house drains were 4 in. in diameter. Not more than 300 
houses were to be connected with a 6-in. sewer; if there were a larger 
number to be provided for, the pipe was to be enlarged to 8 in. toward its 
lower end. The main sewers were made of 10-, 12-, 15-, and 20-in. pipe; 
all of them were underdrained. All rain water was supposed to be 
excluded and the sewers were ventilated through the soil pipes in the 
houses. There were no manholes at first and the lampholes for inspect¬ 
ing the interior of the sewers were a failure from the outset, because the 
vertical shaft was heavy enough to crush the small pipe from which it 
rose In 1880, 24 2 miles of sewers were built under Wanng’s 
direction and 2.1 miles of old sewers were bought, the 26.3 miles costing 
$183,086 Dunng the next 2 years 12.3 nules were built and bought, 
and m that period there were 75 obstructions of the 4- and 6-m. sewers, 
costmg $1,112 to remedy. The main hnes in some places were reported 
by the City Engineer, Niles Meriwether, to be taxed to their full 
capacity. In 1883-1884, 2 3 miles were added to the S 3 ^tem and 164 
obstructions were removed at a cost of $1,982. Dunng 1885-1886, 2.58 
miles of sewers were constructed and $2,172 spent for removing obstruc¬ 
tions. The inadequate capacity of the larger sewers had resulted in 
the construction of a relief sewer during this period. By that time 
engineers famfliar with the conditions were convinced that some of 
Waring's favonte details had proved defective, and that the 
Rawlinsou type of separate system, with larger pipes laid without 
vertical or horizontal bend between successive manholes, was preferable. 
The partial failure of the so-called Warmg S 3 ^tem was demonstrated, 
therefore, in about 5 years' experience at Memphis; this was a httle 
longer than was required to demonstrate the same thing at Croydon, 
England, 30 years before the Memphis experiment The Croydon 
system was made up of 6,350 ft. of 4-in. sewers, 44,436 ft. of 6-m., 6,435 
ft. of 8-in, 14,100 ft. of 9-m., 2,469 ft of 10-in., 3,324 ft. of 11-m., 
12,117 ft. of 12-in., 9,518 ft. of 15-m., 1,506 ft of 18-in, and 36 ft. of 
21-in. In a period of 20 months in 1852-1863, there were 60 stoppages 
in the 4-in. sewers and 34 m the 6-in., but not more than one in any of 
the other sizes. ' 
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Waring was able, due to his pleasing personality, to use the 
prestige of his sanitary achievements at Memphis to impress his views 
regarding sraall-pipe sewers on a number of communities The National 
Board of Health felt some distrust regarding such systems soon after its 
formation, and accordingly it sent Rudolph Henng to Europe on a tour 
of investigation, which lasted nearly a year. On his return he prepared 
the elaborate report on the pnnciples of sewerage and their exemplifica¬ 
tion in the best works of Europe already referred to, which remains 
a thorough summing up of good practice. It is not often that an 
engineering monograph retains its value for more than a quarter of a 
century. As a result of his investigation Henng outhned the 
respective fields of the separate and combined systems as follows. 

The advantages of the combined system over a separate one depend 
mainly on the followmg conditions Where ram water must be earned off 
underground from extensive distnets, and when new sewers must be built 
for the purpose, it will generally be cheaper Its cost will also be favorable 
in densely-inhabited districts from the circumstances that the proportion 
of sewage to ram water will be greater, and therefore mcrease the sizes of 
the separate sewer pipes, yet without decreasing those of the ram-water 
sewers; while the sizes of the combined would not vary with the population, 
because the quantity of sewage is less than the quantity withm which the 
amount of storm-water can be estimated. But more important is the fact 
that in closely built-up sections, the surface washings from hght rains 
would caiTy an amoimt of decomposable matter mto the rain-water sewers, 
which, when it lodges as the flow ceases, will cause a much greater storage of 
filth than in well-designed combined sewers which have a contmuous flow 
and generally, also, appliances for flushmg. 

The separate system is smtable . . 

Wliere rain water does not require extensive underground removal and 
can be concientrated m a few channels shghtly below the surface, or where 
it can safely be made to flow off entirely on the surface. Such conditions 
are found m rural districts where the population is scattered, on small or 
at least short drainage areas, and on steep slopes or side hiUs 

Where an existing system of old sewers, which cannot be made available 
for the proper conveyance of sewage, can yet be used for storm-water 
removal. 

Whore purification is expensive, and where the nver or creek is so smaU 
that even diluted sewage from storm-water overflows would be objection¬ 
able, especially when the water is to be used for domestic purposes at no 
great distance below the town. 

When pumping of the sewige is found too expensive to admit of the 
increased quantity from intercepting sewers during rains, which can occur 
in very low and flat districts. 

Where it is necessary to build a system of sewers for house dramage 
with the least cost and delay, and the underground rain-water removal, 
if at all necessary, con be postponed, 
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The principle of separation, although often ostensibly preferred on 
sanitary grounds, does not necessarily give the system m this respect any 
deckled advantage over the combmed, except under certain definite condi¬ 
tions. Under all others, preference will depend on the cost of both con¬ 
struction and mamtenance, which only a careful estimate, based on the 
local requirements, can determine 
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The cost of sewerage works is a subject presenting many pitfalls to 
those without experience, and even to those having it. The fluctuations 
in the rate of wages and the pnce of materials from year to year, the 
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character of the workraansliip required and of the supervision by 
inspectors, the competence of the superintendents of construction and 
the introduction of labor-saving machinery, these and other factors 
which affect the cost of public works are not readily explained quantita¬ 
tively, so that a public official or young engineer can grasp their com¬ 
bined effect This effect is marked, however, as is well shown in Fig. 1, 
furnished by E S. Rankin, engineer of sewers of Newark, N. J. This 
diagram shows the fluctuation in the contract price of 12-in pipe sewers 
in 8- to 10-ft. trenches, during a period of 42 years. The costs plotted 
in the diagram were those of contracts for work of practically the same 
character and show a range from 61 cts. to $2 67. Records of this 
character can be duplicated in most cities where costs have been care¬ 
fully kept for a long time and they prove how wary an engineer must 
be in preparing estimates. 

The disposal of the sewage of most cities, until recent years, was 
carried out by the easiest method possible, without much regard to 
unpleasant conditions produced at the place of disposal. Irrigation 
with sewage was apparently practiced at ancient Athens, but there is 
very little defimte information on any methods of disposal on land down 
to about 300 years ago, when sewage farming was successfully introduced 
at Bunzlau, Germany The earhest municipal work of the kind in 
Great Britain was on the Croigentinny meadows of about 400 acres 
extent receiving the sewage of a part of Edinburgh for about a century. 
The subject of disposal received only occasional local attention, how¬ 
ever, until the construction of seweiage systems after the cholera 
epidemics of 1S32-1833 and 1848-1849. Owmg to the small size of 
British streams, their pollution by the sewage discharged into them soon 
became objectionable. Interference with agi’icultural and manufactur¬ 
ing uses of water was appai’ently at first given more attention than pos¬ 
sible danger to health. When the cholera epidemic of 1854 had been 
suppressed. Parliament passed the comprehensive Nuisances Removal 
Act of 1855, to which reference has already been made. This did not 
make sewage treatment compulsory, however, nor did the Rivers 
Pollution Prevention Act of 1876, although as early as 1865 a royal 
commission had reported: 

First, that whciicvei rivers are polluted by a discharge of town sewage 
into them, the towns may reasonably be required to desist from causmg 
that pubhc nuisance. 

Second, that where town populations are injured or endangered in health 
by a retention of cesspool matter among them, these towns may reasonably 
be reqmred to provide a system of sewers for its romovaL 

Two methods of treating sewage came into vogue about the time of 
this report. The irrigation of land by sewage was the older of these 
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but the precipitation of the solids and some of the dissolved matter by 
chemical treatment and subsequent sedimentation attracted more 
attention owing to its exploitation by promoters as well as to the favor¬ 
able opinion of it held by many careful and conservative engmeers. A 
special committee appointed by the Local Government Board m 1876 
reported on the whole subject as follows: 

That most rivers and streams are polluted by a discharge into them 
of crude sewage, which practice is highly objectionable. 

That, as far as we have been able to ascertain, none of the existing modes 
of treatment of town sewage by deposition and by chemicals in tanks appears 
to effect much change beyond the separation of the sohds and the clanfica- 
tion of the liquid. That the treatment of the sewage m this manner, how¬ 
ever, effects a considerable improvement, and, when carried to its greatest 
perfection, may m some cases be accepted 

That town sewage can best and most cheaply be disposed of and purified 
by the process of land imgation for agricultural purposes, where local con¬ 
ditions are favorable to its apphcation, but that the chemical value of the 
sewage is greatly reduced to the farmer by the fact that it must be disposed 
of day by day throughout the entire year, and that its volume is generally 
greatest when it is of the least service to the land. 

That land imgation is not practicable m all cases, and, therefore, other 
modes of deahng with sewage must be allowed. 

That towns, situated on the sea coast or on tidal estuaries, may be 
allowed to turn sewage into the sea or estuary, below the hne of low water, 
provided no nuisance is caused, and that such mode of gettmg rid of sewage 
may be allowed and justified on the score of economy 

The density of population in England and the very small amount of 
land well suited for sewage farming and filtration led to particular inter¬ 
est m intensive methods of treatment, whereby in plants of compara¬ 
tively small area the sewage was rendered suitable for a final treatment 
on land, which was practically compulsory for most English systems 
discharging into fresh water This constraint was exercised by the 
Local Government Board, without whose approval money could not be 
raised for pubhc works except by special act of Parliament; the Board 
was wedded to a final land treatment until comparatively recently. 
Consequently septic tanks, trickling filters, and contact beds were 
received with acclamation and tested on a practical scale that was 
unwarranted, for instance, in Germany. 

The disposal of sewage in the United States did not receive so much 
attention 40 years ago as in England, because the extent of the offense 
caused by its discharge into the relatively large bodies of water was not so 
marked and because of the greater area of land smtable for broad irriga¬ 
tion or intermittent filtration on beds graded in situ and of relatively 
cheap materials suitable for the construction of artificial treatment beds 
in some localities where pollution was objectionable. Its importance 
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was foreseen by the Massachusetts State Board of Health early in the 
seventies, and its secretary, Dr C.^F. Folsom, made a careful study of 
disposal in Europe, which resulted, in 1876, in a report which was the 
most complete statement that had been made of the state of the art at 
that time. Irrigation and filtration were mtroduced m a few places, 
but it was not until certain rivers in Massachusetts became quite 
offensive that any work on a large scale was undertaken. The first 
extensive treatment plant utilized chemical precipitation and was 
built at Worcester, Mass., in 1889-1890, from the plans of Charles A. 
Allen with the advice of James Mansergh of London and Prof. Leonard 
P. Kinmcutt of Worcester. About the same time, the Massachusetts 
State Board of Health, which had been given large powers of control 
over the disposal of sewage, established the Lawrence Experiment 
Station for the study of both water and sewage treatment; the influence 
of the research work done there has been deep and far-reaching, being 
particularly noteworthy for the prominence given in early years to 
intermittent filtration, a method of disposal neglected in England on 
account of the limited tracts of land smtable for practising it.^ 

The increasing demand for sewage treatment and the impracticability 
of procuring sufficient areas of suitable soil for land treatment m many 
localities, particularly for cities even of moderate size, have led to the 
rather wide adoption in the last quarter-century of the more intensive 
methods of treatment, such as by beds of broken stone known as 
"trickling filters." 

It was early found advantageous to prepare the sewage for treatment 
on land or artificial beds of sand or stone by first removing the solid 
matters. In England, where the sewage is much stronger than m the 
United States, this was and is now commonly done by chemical precipi¬ 
tation, but in this country sedimentation unaided by chemicals has 
generally been adopted, thus avoiding some expense and much trouble 
which otherwise would have resulted from the large volume of sludge 
produced l)y chemical treatment 

The offensive character of the sludge produced by sedimentation 
early led to the use of septic tanka in which the sohds were rendered 
more or loss inoffensive, but difficulties of various kinds led to the general 
adoption of the two-story or Imhoff tanka in which the processes of 
sedimentation and decomposition or digestion of solids are kept sepa¬ 
rate, the former being confined to the upper story and the latter to the 
lower compartment. This type of tank was strongly advocated by 
Horing, who was instrumental in having it adopted in this country, 
tho earliest installation being that at Madison-Chatham, N. J., in 1911. 

1 AlthouRh not lund widely, this method of disposal had been employed for a number of 
yours and was dosorlbed In detail In Bailey Denton's " Ten Years of Intermittent Downward 
Filtration," whleh was published in 1S81 
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At Baltimore, since 1914, these two steps in the preparatory treatment 
have been carried out in independ^t tanks, the process being called 
“separate sludge digestion^' to distinguish it from the two-story tank 
process. Kecently, separate sludge digestion has become more popular 
among engineers and effort is now being made to develop it so as to 
control and encourage the natural agencies in an effort to secure more 
rapid and complete digestion and to avoid odors which have resulted in 
some cases in the past. 

The most recent process to be developed consists of aerating the sew¬ 
age in the presence of previously aerated sludge The suspended sohds 
are largely oxidized or collected into a rapidly settlmg floe by this 
treatment, which is known as the activated sludge process, and a high 
degree of punfication is secured. The process was first apphed in a 
mumcipal plant for treating sewage at San Marcos, Tex., in 1916. T. 
Chalkley Hatton, for many years Chief Engineer of the Milwaukee (and 
later the Metropolitan) Sewerage Commission, carried out an extensive 
research program at Milwaukee, perfecting the process as a method of 
sewage treatment and endeavoring to produce a sludge which would 
possess marketable fertilizing value. In the Milwaukee plant, as put 
into operation m 1925, special attention was given to the dewatering or 
drying of sludge and this sludge has been successfully converted into a 
commercial fertilizer. Many other notable installations of activated 
sludge plants have followed, mcluding the plant at Indianapolis and 
the North Side plant now under construction (1927) by the Samtary 
Distnct of Chicago. 

With the increased understanding of the chemistry of colloids and of 
the effect and control of ionization phenomena, the problem of sewage 
disposal is being attacked in a more scientific manner than ever before 
in its history, and experiment is pla3dng a r61e of mcreasing importance 
in coordinating theory and practice. The advance in the art of sewage 
treatment dunng the last quarter-century is well illustrated by a com¬ 
parison of the space required to treat the sewage from a city of 600,000 
population by throe different installations representative of this period 
and roughly estimated by the authors.^ 

Settling tanks, sludge beds, and mtermittent 
sand filters . . . .. 800 acres, or 140,000,000 cu ft. 

Imhoff tanks, sludge beds, and tnckling 
filters . .. . . 60 acres, or 17,000,000 cu ft 

Activated sludge plant complete . 10 acres, or 6,000,000 cu ft. 

Disposal by dilution has been retained m greater favor m the 
TJmted States than in England because of the larger bodies of water 
available for receiving the sewage. The first comprehensive American 

1 Eng News-Record, 98, 1Q24, 606 
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study of the subject was made by Hering for Chicago in 1887. He 
recommended the diversion of the sewage from Lake Michigan and its 
discharge into the Desplames River which flows into the Illinois, a 
tributary of the Mississippi. For rendering the sewage unobjection¬ 
able, he advised that a large volume of water be drawn from the lake to 
provide adequate dilution. 

This is probably the most conspicuous illustration of the dilution 
method of sewage disposal because of the groat population served, the 
artificial works required, the radical procedure of actually diverting the 
sewage and the storm discharge from its natural outlet in Lake Michi¬ 
gan, the source of Chicago's water supply, and the continuous con¬ 
troversy which has been waged over the propriety of this procedure. 
That it has been remarkably successful m protecting the water supply 
and bathing beaches from gross contamination cannot be denied and 
it is hard to picture the conditions which would have resulted had 
any other known plan been adopted. 

The growth of the Sanitary District of Chicago has been great and rapid 
and the quantity of polluting matter discharged now exceeds the capacity 
of the dilution works, including the Desplames and Illinois Rivers, to 
satisfactorily disperse, assimilate, and purify it. To remedy this 
situation, the Sanitary District has embarked on a program of treat¬ 
ment-plant construction surpassing in magmtude any other thus far 
attempted. 

Many studies have demonstrated that so far as the prevention of 
nuisance is concerned, disposal by dilution is the most economical 
method of disposal of sewage for many cities. In 1924, 88 per cent of 
the population in cities of 100,000 or over in the TJmted States disposed 
of their sewage by dilution without prior treatment. 

Caution should be exercised, however, in adoptmg sewage disposal 
by dilution, because there may be grave danger in discharging raw or 
merely screened and settled sewage into rivers or lakes furmshing 
water for potable purposes It may be and probably is less expen¬ 
sive to obtain a potable water by filtering a sewage-contammated 
supply than to treat the sewage so elaborately that there is no danger 
attending the discharge of the effluent into streams from which water 
supplies are drawn, but the extent to which water may be contami¬ 
nated without placing an undue burden upon water filters and disin¬ 
fection plants is undetermined. 

It is generally conceded that it is not safe to rely exclusively upon 
disinfection of sewage-contaminated waters, and that the filtration of 
such waters with subsequent disinfection is a much more dependable 
moans of protecting the public health. Even this may not always 
be an adequate safeguard. The extent to which a river or lake used 
as a source of domestic water supply may be contaminated with sewage 
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without jeopardizing the safety or palatabihty of the treated water, 
is an exceedingly important subject. There are doubtless those who, 
for sentimental reasons, would go so far as to require that all sewage 
be excluded from such waters and others would admit only such sewage 
effluents as had received elaborate treatment. While theoretically 
desirable, such extreme measures would entail enormous financial 
expenditures which may not in all cases be justified by the dangers 
encountered in the use of a properly filtered and disinfected water, 
even though somewhat contaminated before treatment. Others would 
go so far as to throw almost the entire burden upon the water-treat¬ 
ment plant, with slight regard to the possibihty of its occasional tem¬ 
porary failure to afford complete protection The sanitary engineer 
who neglects to work for the best interests of the public health falls 
short of the full discharge of his professional obligations, but it is wise 
to keep in mind a fact stated as follows by Engineering News: 

We know of many instances in which busmess men distrust engineers 
and pm their faith to so-called “practical” men, largely because of unfor¬ 
tunate experience with engineers who appeared to thmk that the question of 
cost was no part of their concern 

The legal dangers of attemptmg to discharge sewage into a small 
body of water must be considered in the design of sewerage systems. 
In Sammons vs. City of Gloversville, the New York Court of Appeals 
decided that although the city exercised a legitimate governmental 
power for public benefit when it built its sewers, it had no charter rights 
to discharge sewage into a brook in such a way as to injure the plaintiff’s 
lands below the point of discharge. Even where a city had statutory 
rights to construct sewers empt 3 dng into a creek, whereby a nuisance 
was created, the Alabama Supreme Court held in Mayor, etc , of Bir¬ 
mingham vs Land, 34 S Rep. 613, that the owner of a riparian farm 
below the sewer outlet was entitled to damages. The Maryland Court 
of Appeals similarly decided the case of West Arlington Imp Co. vs 
Mount Hope Retreat, 54 Atl. Rep 982. The fact that a water course is 
already contaminated does not entitle other persons to aid in its con¬ 
tamination or prevent those thereby inj ured from recovering from them 
damages for the mjury; Ind. Sup. Ct., West Muncie Strawboard Co. vs. 
Slack, 72 N.E. Rep. 879 

The case of Waterbury, Conn., was of much interest for many years 
because of the protracted fight made by the city against building purifi¬ 
cation works in accordance with a decree of the Connecticut Supreme 
Court going into effect on Dec. 1, 1902. In one of the subsequent 
decisions in this litigation, the court stated that the construction of the 
Waterbury sewers in 1884, in accordance with the terms of its charter, 
was lawful and that their construction to discharge sewage into the 
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Naugatuck River gave nobody cause of action. The sewers could be 
used for that purpose without any invasion of the rights of owners of 
riparian property below the point of discharge. But when the city 
discharged sewage into the river in such quantities and in such manner 
that it was carried without much change to the property of a manu¬ 
facturing company, thereby producing a public nuisance to the com¬ 
pany's special damage, the city was held to make a pubho nuisance of its 
sewerage system Each day such an unlawful act was repeated the 
company suffered a fresh invasion of its legal rights, according to the 
court. 

While these introductory notes are intended merely to show how the 
principles of sewerage and sewage disposal became established on a firm 
footing in engiiieermg practice and not to review the development of the 
details of the subject, particularly the more recent development, it 
should be stated here that progress has been wonderfully rapid. When 
the reason for this is sought, it will be found in that admirable spirit of 
good will and co-operation existing among American engineers, which 
not only finds expression in the work of the engineermg societies but 
also in the close and friendly contact maintained by engmeers in this 
country with one another and with the engmeers of other countries. 
This has been a good influence on American samtary engineering, for 
it has led to friendly personal relations, open minds, and a recogmtion 
of the work of others by giving credit where credit is due, which have 
combined to concentrate attention on those subjects where progress was 
most needed and to prevent the needless dupheation of effort in striving 
for the same goal. So long as this spirit persists, American sewerage 
engineering will go forward buoyantly. 



CHAPTER I 


THE GENERAL ARRANGEMENT OF SEWERAGE SYSTEMS 

It has been pointed out in the introductory chapter that many of the 
troubles with early sewerage systems were due to an underestimate of the 
amount of the rainfall reaching the sewers and an overestimate of their 
capacity. At a later penod, another error of judgment was made often, 
which is causing trouble now; this was the failure to plan works capable 
of extension on the original hnes after the cities had grown much larger. 
There is a limit, of course, beyond which an engineer is not justified in 
making allowances for the requirements Of the future, but the former 
neglect to look ahead for more than a relatively few years has recently 
made very expensive works necessary in a number of cities. It is not 
wise to place a heavy financial burden on the present generation for the 
benefit of those to come, but if future expenses can be reduced by careful 
planning today, without appreciable additional cost, such a course is 
manifestly the right one to adopt. 

One cause of the confusion that sometimes arises in considering sewer¬ 
age plans, is a failure to recognize that there are distmct general arrange¬ 
ments of sewers and there are several distinct classes of sewers, each 
havmg a mam purpose. 

CONDITIONS GOVERNING A SEWER PLAN 

The general outline of a sewerage system is governed by two prime 
factors, the topography of the city and the place of disposal of the sewage. 
The two are sometimes so simple m then effect that the general plan 
to be followed is self-evident, but m other cases they have complex 
interrelations that require protracted study before the beat plan can 
definitely be determmed.^ 

Influence of Disposal Methods.—^There are three general methods of 
disposal that affect the design of the sewers. 

The first method is to discharge directly into a nver or other body of 
water on the shore of which the city hes; probably the Borough of 
Manhattan offers the best example of this, with its main sewers running 
east and west to numerous outlets on the North and East rivers 

1 Tho first BonemJ duoussion of this subject in English was apparently m Henng’s 1881 
report to tho National Board of Health, 
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The second method of disposal is to intercept the sewage and a part 
of the storm water and carry it to a point in the adjoining body of 
water where it will not cause trouble; this may not be necessary at first, 
but in most cases it is inevitable if the city grows as rapidly as do most 
American municipalities, and attention must be paid to it, particularly 
to the future desirability of providing for the local discharge of a part 



Fig. 2 —Cleveland intercepting aowor system 


of the storm flow. The Cleveland system, shown in Fig. 2, is an example 
of this intercepting plan. 

The thu'd method of disposal is to give some treatment to the sewage 
which will materially change its character and to discharge it mto a 
body of water. This necessitates delivery of the sewage to treatment 
works, smtablo sites for which are difficult to procure in many cases, 
particularly where the country is well built up, as enough open land prop¬ 
erly located is not availablo in the city, and neighboring towns object 
to the plant being located within their limits. The separation of 
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storm water from the house sewage often becomes financially advisable, 
so as to permit the former to be discharged by short, direct lines into a 
river, lake, or bay nearby, and also to keep down the cost of the long 
sewer to the disposal works, and in some cases the disposal costs as well 
In the case of combmed sewers, the same end is attained by making 
provision at one or more pomts for the discharge of the storm flow in 
excess of a predetermined volume, through overflow weirs or chambers 
into channels or other outlets leading directly to tke nver or lake. The 
early flow of storm water carries a large amount of orgamc matter from 
the streets mto the sewers and takes mto suspension some of the matter 
deposited previously in the sewers, and its treatment is often considered 
as desirable as that of the house sewage.^ 

The design of the overflow chambers is thus an important matter. It 
may be found practicable to permit a large proportion of the sewage to 
escape through some of them in the early years of their use, but later, 
owing to a change in the character of the body of water receiving this 
excess storm flow, or the greater impurity it may then possess, its 
dehvery to the disposal works may prove desirable While it is inadvis¬ 
able in many cases to give the outfaU sewer to the works a very large 
capacity to provide for such future possibhities, owmg to the heavy 
fixed charges such construction will cause, it is often desirable to consider 
future requirements with particular care in planning the overflow cham¬ 
bers, in order that their reconstruction or modification may not cause 
difficulties in the operation of the system out of all proportion to the 
cost of the work 

Influence of Topography.—The topographical features of a city also 
have a marked influence on the design of a sewerage system. In a large 
city situated on a flat plain without any neighbonng river or lake mto 

I The Local Oovemment Board of England generally required until recently that any 
inoreaso in the flow in oombmed eewera up to three tlmea the normal dry-weather rate 
should be treated liko house eowago, and that six additional dllutiona should be passed 
through "storm filters " of gravol, broken atone, or ollnker In the fifth (1908) report of tho 
Royal Commission on Sewage Disposal, these requirements ore ontioieed thus "These 
requiromenta should, we think, bo modified, they ore, m our opimon, not sujQSciently elostio, 
and oxporienoe has shown that apooiol storm filters, which are kept ae standby filters, ore 
not efifioiont Wo find that tho mjury done to rivers by the discharge into them of largo 
volumes of storm sewage ohicfly anaos from the exceasive amount of suspendod aohds 
which such sewage contains, and that these solids can bo very rapidly removed by settlement 
We therefore recommend, as a general rule, that. (1) Special standby tanka, two or more, 
should be provided at the works and kept empty for tho purpose of receiving tho oxoess of 
storm water which cannot properly bo passed through the ordinary tanks As regards 
the amount which may be properly passed through the ordinary tanks, experience shows 
that in storm times the rate of flow through these tanks may usually bo increased up to 
about three times the normal dry-weather rate, without serious disadvantage. (2) Any 
overflow at the works should only be made from these special tonka, and this overflow should 
be arranged so that it will not come into operation until the tanka are full (3) No special 
storm filterg should be provided, but the ordinary filters should be enlarged to the extent 
necessary to provide for the filtration of the whole of the sewage which, according to the oir- 
oumstanoes of the pordoular place, requlrea treatment by filter " 
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which the sewage may be discharged without elaborate treatment the 
radial system may prove beat. This has its most elaborate development 
m Berlin, where it was introduced by Hobrecht. The city is divided 
into a number of sectors and the sewage of each sector is carried outward 
by pumping to its independent disposal farm, or the trunk sewers of 
two or more sectors may bo combined and canded to a farm. There 
were eight fai’ins in 1910 The advantage of this system is that most 
of the sewers are likely to bo of adequate capacity for a long period, and 
the lai’ge, expensive sewers are reduced to their minmnuTn length. 

Tlie sewage of each district is pumped through force mains to the irrigation 
farms, wliich, with such an arrangement, can be divided around the suburbs 
of the city The water courses and, m pait, the low ridges, form the hmits 
of the districts, whose number has now risen to 12, and whose size vanes 
between 672 and 2,128 acres The pumpmg station is located at the lowest 
level possible, and in only one district is an mtennediate pumpmg station 
necessary. The advantages resulting from this arrangement are so great 
that the increased cost of pumpmg due to the division of the pumpmg capac¬ 
ity is imimportant and can be counterbalanced by the greater security of 
operation. The overflow woiks, for which the water courses of the city 
act os outlet channels, form an important feature of the system.^ 

In most oases, such an arrangement is rendered impracticable by the 
existence of hills, water courses, and other topogi'aplucal conditions. 
Usually, moreover, old sewers compheate the problem, for it is always 
desirable to utihze existing structures so far as practicable Only m 
rare cases does the engineer have an opportunity to design a complete 
sewerage system for a large city, as was the case in New Orleans and 
Baltimore. 

In Baltimore, where the sewage had to be taken 5?^ miles outside 
the city for treatment, there was opportunity for collecting the storm 
water separately, for there was no objection to its discharge mto the 
nearest water courses adapted to receiving it. The city is intersected 
by four streams, which discharge into branches of the Patapsco River. 
One of these streams receives so much foul runoff that it has been cov¬ 
ered over; the others ai'e open. The Patapsco and its blanches are 
tidal arms of Chesapeake Bay. The drainage area was divided into 2S 
districts, and the storm-water drains in each one were planned mde- 
pendcntly of the rest, to fit the topography and arrangement of streets 
in the best way. These drains were kept as close to the surface as 
possible, in order not to force the sewers so low that it would be difficult 
to connect the houses with them. In one low-l 3 dng district where the 
drainage problem was particularly difficult, the plans called for raising 
the street grade and buildmg a drain to carry the storm water into the 

1 FBCHLDra, " Die EntwUBseruiiB der Stfldte," 1910 
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Patapsco River instead of a nearer stream which was liable to have its 
surface raised considerably during floods, a condition which might cause 
a surcharge of the drains emptying into it. 

The removal of the house sewage was a much more complicated prob¬ 
lem Part of it comes from districts which are high enough to enable 
the sewage to flow by gravity to the treatment works, but a large part 
has to be pumped. The contour separating these two service districts 
was determined by two factors, the elevation at which the sewage must 



be discharged at the treatment works and the mimmum safe grade of 
the outfall sewer from the city to the works. The accompanying plan 
of the mam sewers (Fig 3) shows where the outfaU sewer reaches the 
eastern boundary of the city and is contmued through it toward the 
western boundary as a high-level mam, receivmg aU the sewage that can 
be deUvered by gravity to the disposal works The sewage of the low- 
lymg portions of the city is collected by four main sewers, on two of 
which are small pumpmg plants to lift the sewage enough to prevent 
excessive depth of trench, which is undesirable on account of the 
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cost of construction in deep trenches in water-bearing soil, and the 
difficulty of connecting the tributary sewers satisfactorily with deep- 
lying moms. All these moms run to a station containing five pumps, 
each with a nominal rating of 27,500,000 gal. a day against a total head 
of 72 ft. These pumps force the sewage through two Imes of 42-in. 
cast-iron mams 4,560 ft long into a sewer about 1 mile long, discharging 
by gi’avity into the main outfall sewer. 

Between the aiTongement of sewers in the Borough of Manhattan, 
discharging both storm water and house sewage through short hnes and 
many outlets into the nearby rivers, and the arrangement at Baltimore, 
with its separation of the storm water and the sewage, its high and low 
levels, pumping stations, long outfall sewer and elaborate sewage 
treatment works, there is an infinite variety of combinations practicable. 
In every case, however, the topography suggests the natural drainage 
and the street plan exercises a more or less strong modifying influence. 
One of the most experienced old-school American engineers, Wilham 
E. Wortheu, the seventeenth president of the American Society of 
Civil Engineers, when ho was retained to plan important sewerage 
improvements in Brooklyn, had constructed a large relief map of the 
district in order that he might see the whole topography of the area 
clearly while considering the existing troubles and the various remedies 
for them. Wliile such n map is unnecessary in most cases, of course, 
topography is sometimes far more important than street plans In 
every case special attention should bo paid to the low-lying districts, 
for it is there that the largest sewers must be built in many cases, and 
the difficulties of construction are the greatest. It may be found 
advisable to reduce such work to a minimum by constructing an inter¬ 
cepting sewer at a somewhat higher level and thus restrict the construc¬ 
tion in the low-lying sections to small sewers only deep enough to serve 
the property of that district 

Another influence of topography on sewerage plans, often overlooked, 
was stated as follows by Dr. Bering m his report of 1881 to the National 
Boai’d of Health: 

In COSO of sudden showers on a greatly inclined surface which changes to 
a level below, the sewers on the latter will become unduly charged, because 
a greater percentage flows off from a steeper slope in a certain time. To 
avoid this uneven reception, the alignment should, as much as possible, be 
so aiTanged ns to prevent heavy grades on the slopmg surface, at the expense 
of light ones on the levels. In other words, the velocity should be equahzed 
as much os possible in the two distncts. This will retain the water on the 
slopes and increase its discharge from the flat grounds, thus correspondmg 
more to the conditions implied by the ordinary way of calculating the 
capacity of sowers. It will therefore become necessary not to select the 
shortest line to the low ground, but, like a railroad descending a hill, a longer 
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distance to be governed by the gradient This does not necesaai'ily imply 
a longer length of sewers for the town, because more than one sewer for a 
street is not required by it 

Still another decided influence of topography is shown where the con¬ 
figuration and surroundings of the city are such that it is advisable to 
employ combined sewers in all parts of the city down to the lowest con¬ 
tour hne which will permit storm-water overflows to be used This is 
the rule adopted by E J Fort for the new sewerage works of Brooklyn 
Below this contour hne, the storm-water sewers are run at a higher level 
than the house sewers, so as to have a free outlet to tide water, and the 
house sewage of the low districts is pumped to points of disposal 

In some cities, the revision of old sewerage systems has been coupled 
with the protection of low-lying districts against flooding, as in Washing¬ 
ton. In the onginal plan for the improvements, two levees with a 
total length of 4,000 ft. were proposed for the protection of about 900 
acres of water-front property, but later a large amount of filling of park 
and city property and raising of street grades was substituted for the 
original project The city, which uses the combmed sewerage system, 
now has intercepting sewers around it, and a few through it in order to 
take advantage of topographical conditions which enable the sewage 
of the higher areas of the city to be kept out of the low-lying areas All 
the dry-weather sewage is delivered to a pumping station which dis¬ 
charges it through an outfaU sewer 18,000 ft. long into the Potomac 
River about 800 ft from shore. A considerable quantity of storm water 
from low-lying areas is also pumped at this station, but only mto the 
Anacostia River on the bank of which the plant is located. 

After the most favorable location of the main hnes of sewers has been 
determined, the desirability of minor changes of position in order to 
avoid needless interference with travel through busy streets should 
receive attention The construction of a sewer in a. nannw or crowded 
street costs the community a considerable sum in indirect damages and 
directly affects those havmg places of business on the street. 

CLASSIFICATION OF SEWERS 

Until quite recently there was considerable confusion in the terms 
used to designate different classes of sewers. A classification is necessary 
because it affords the only convement means of discussing collectively 
the features of sewers for the same purpose m different parts of a system 
or m different cities, but the different classes necessarily run into each 
other somewhat so that no clear hne of distinction between some of t.bgn n 
is practicable. 

Building connections or house sewers are the small-pipe sewers 
leading from b u i ldin gs to the pubho sewers. Strictly speaking, the 
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house sewer is the nearly horizontal piping in a cellar into which the soil 
and waste pipes discharge, but custom has extended the use of th<} 
term to the connection between the building and the sewer. In some 
cities, they are put in and the connections with the i)ublic sewers are 
made by plumbers, but in other places the part of tlio work undiT the 
street as far as the property hne, or even the whole couneetiou from the 
sewer to the building is laid by the city. City coiisti’iictioii is advtxiated 
by many engineers on the ground that it is noeessiiiy in oid(!r to i)i indent 
injury to the sewera where the connections with tliciii arc made and to 
insure good workmanship on the connection in order to avoid digging up 
the streets to remove obstructions caused by poor construction. On the 
other hand, where the municipal regulations governing Iniilding connec¬ 
tions are properly drawn and rigidly enforced by coini>oteiit insin'ctors, 
good workmanship can be secured from private contractors 

So much trouble has been caused by the breakage of and leakage from 
ordinary sewer pipes in or near the places where they pass through walls 
that a rule has been issued in most large cities requiring cast-iron pipe to 
be employed for the sewer for a distance of several feet outside l.lio walls. 
Even if cast-iron pipes are used, care must be taken to have thorn jirop- 
erly supported so that they will not bo cracketl by Kottlmg Where 
there is danger of a settlement of the foundations of the Imilding, local 
conditions must determine the best construction. 

The minimum size of house connections is 4 in , for smaller sizes are 
likely to become clogged frequently, but 5- or (i-iii. sizes arc considered 
better practice by many engineers, the latter being commonly adopted 
m the larger cities. The minimum fall for a ooniicc.tion is usually fixed 
by a city regulation, and less than 34 in per foot is rarely permitted. 
Where the buildmg connection must carry rain water as well as liouso 
wastes, city regulations sometimes fix the sizo of the pipe by the size of 
the lot and on assumed rate of rainfall. In New Yoi’k, for iiistaiKio,, the 
basis of calculation is a rainfall of 6 in. per hour with the jiipe nuuiing 
nearly full at a mimmum velocity of 4 ft. iicir second. Those figures 
lead to largo drains in the case of buildings covering ooiisid<‘rable area, 
and in such cases two or more drains are often run to the street sower. 
The capacities of pipes are discussed in Chap. II. 

Owing to the annoyance which may bo oaused by a stojipago of a 
building connection, just as much core should be jiaid to its location and 
construction as is given to a street sewer. It should run on a uniform 
grade and straight alignment, if possible, and where a liond mustl )0 made 
it is generally considoted desirable to use curved pipe if the deflection is 
more than 6 in. in 2 ft Some engineers recommend iiuspcctien holes 
at every angle in a building connection; those are shafts of small sower 
pipe rising from a tee in the connection, and they are olijoctioiiablo 
because their weight often breaks the pipe below and their tops are easily 
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damaged by lawn mowers and children. In any case there should be 
a clean-out hole on the sewer just inside the house, where a cleamng rod 
or heavy wire may be pushed mto the pipe to determme the location of, 
and if possible push along any stoppage 

The buildmg connection enters tlie sewer at a branch, if the sewer is of 
pipe, or a slant if it is of masonry. Where the sewer is in a deep 
trench, a vertical pipe called a chimney, encased in about 6 in. of con¬ 
crete, is sometimes run up fiom every branch or slant by the contractor. 
It ends at a uniform depth below the surface, such as 13 ft. in the Bor¬ 
ough of the Bronx, and the house sewer is connected to its top. In any 
case, the angle of the entrance should not be more than 45 deg , for the 
splashing of the hot liquid house wastes contaimng grease on the cool 
walls of the sewer is liable to cause a heavy, tough coating on the latter, 
which reduces the discharging capacity, and this splashmg wiU be less if 
the sewage enters at an easy angle rather than at 90 deg. Tor the same 
reason, it is well to give only a moderate veiiiical angle to the inlet into 
the sewer, and to place the slants in bnck sewers in such a position that 
they do not allow the house sewage to tnckle over much of the waU 
before mmghng with the dry-weather flow. A one-eighth bend may be 
used next the branch or slant ui order to give the line a rectangulai’ 
position with respect to the sewer. , 

In every case, care should be taken that tlie building connection is 
so constructed that there is no danger of sewage backing through it mto 
the cellar. 

Lateral Sewers.— A. lateral sewer is a sewer which does not receive 
sewage from any other common sower. Experience has shown, as 
explained in the Introduction, that, preferably, they should not bo 
less than 8 in m diameter for a separate S 3 rstem, for a smaller sewer is 
liable to become clogged, although, in small communities, 6-in. pipes 
are sometimes used with success. There is a marked tendency to 
consider 12 in as the smallest diameter for a combined sewer or storm¬ 
water dram. Theoretically, anything liable to cause clogging should 
lodge in the building oonnootions, but theory is not so good a guide as 
practice in this case. The upper ends of the laterals are termed dead 
ends 

Manholes affording access to sewers are described in Chap. XV. 
No sewer which is so small that a man cannot enter it should have any 
curve or change in grade between manholes, as, otherwise, cleaning it 
may be difficult. Lai'ge sewers may be given such curves and changes 
in grade as conditions demand, but with small sewers the changes should 
be made by channels m the bottoms of the manholes, the loss of head 
due to the tm-ning being compensated sometimes by an increased faU 
m the manhole. 



GENERAL ARRANGEMENT OF SEWERAGE SYSTEMS 43 


The depth of the laterals below the street surface should generally be 
as little as possible and still give adequate sewerage to the houses. This 
depth varies greatly, for m a city hke New Orleans few houses have 
cellars and therefore shallow depths are sufficient, whereas in Boston 
and New York deep cellars prevail and consequently the sewers must be 
much lower. Where a sewer is laid in a street runmng along a steep 
hillside, it sometimes has to be given unusual depth to receive the 
sewage from the houses on the lower side. One long sewer m a flat 
street is often more expensive than two short ones having the same 
total length but discharging in opposite directions. The long sewer is 
likely to have a flatter grade and to require a deeper trench at its lower 
end. Where the territory is flat and the ground-water table close to 
the surface, it may bo necessary in orderilo give the laterals sufl&cient 
fall, to construct them below the water table; in such a case and where, 
for other reasons, a sewer is abnormally deep, risers are sometimes run 
up so that the building connections can be laid to them above the 
ground-water level and without necessitating deep excavation. 

'The proper capacities and the minimum grades of sewers are discussed 
in detail in subsequent chapters. It is only necessary to state here that 
the true grade of a combuied sewer or storm-water drain is its hydrauhe 
gradient There has been an unfortunate tendency to use for computa¬ 
tions the grade of the invert or the crown of the arch as the grade of 
both combined and separate sewers, a practice which has led to serious 
trouble in some cases. 

There is always uncertainty regarding the volume of ground water 
which may leak into a sewer, and a largo group of small buildings or a 
Bchoolhouse may concentrate at one locality a quantity of sewage which 
cannot be foreseen. The difference in cost between small sewers of differ¬ 
ent diameters is not groat, and in order to obtain satisfactory velocities 
with the volumes of sewage which may reasonably be expected, and still 
have capacity for an occasional unexpected condition, lateral pipe 
sowers ai'o sometimes figured as runmng half full when carrying the 
maximum quantity of sewage which it is assumed wiU reach them. 
Some engineers have continued this policy until pipes as large as 18 in. 
have been reached and in computing this size they have provided for 
a depth of only seven-tenths of the diameter, using larger sizes when 
the quantity to bo carried exceeds the capacity at this depth and in 
each case TiHing seven-tenths of the diameter as the position of the 
hydrauhe gradient. It appears to the authors to be more logical to 
make allowances for such unusual increments in flow when deter minin g 
the maximum quantity to be provided for, bearing in mind that 
the size of pipe must be such as to provide self-cleaning velocities under 
usual conditions of flow, and to figure the sewers as runmng full. 
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Acoording to the accepted formulas for computing velocity of flov 
the velocity in a circular sewer half full is the same as when the sewer i 
full Accordingly, no reduction of velocity is expected if sewers ar 
designed to flow half full. But as the design is based upon the quantit 
of sewage to be expected m the future, there will be a period of consider 
able length when the ordinary flow will not approach mid-depth, anc 
times when the depth will be very slight. The velocities of flow wil 
then be very much less than those upon which the design is based. 

Where the separate system is used and a large storm-water draii 
runs through a street, this may be in the way of the building connection) 


fi" VH-Sfanis^ 



Minimum Section. 



VM-Pipe- 
Holf 

Section In 
Reduced Cradle 


Half 

Section In 
Maximum Cradle. 


Side manholoa affordlna access to the separate sewer from the side instead of the top are 
used in this form of oonstruotion 

Standard iirrangomont of separate sewors and storm water drains, 
Philadelphia. 


from one side and may make it difficult to connect the houses with a 
smgle lateral It is sometimes advisable in such cases to run a lateral 
on each side of the street, as in Washington. This results m an addi¬ 
tional conduit m the street, but it ehminates a large amount of trouble¬ 
some work with small pipes crossing the street, which may interfere 
with the laying of future condmts. If the street is wide and the lots 
have a small frontage, the double laterals may even be cheaper. 

While the position of the laterals in the street is influenced by local 
conditions, they are usually placed m the center, thus equalizing the 
length and cost of building connections which are built wholly or in port 
by the abuttmg property owners. This location favors a minimum 
depth of sewer to provide proper fall for the buildmg connections. As 
sewers are usually laid much deeper than water and gas mains, they 
should be kept at least 6 ft. from the latter, if possible, so as to avoid 
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the danger of injuring such mains during construction. Where the liuci 
IS on one side of the street and property owners pay for the actual loiigtli 
of their house connections, those on one side have a financial advant¬ 
age over the others Where the drains are laid by the city it may be 
possible to arbitrarily divide the cost of the two opposite connections 
and charge one-half to each abutter. 

In Philadelphia, standard general sections for installations on the 
separate plan have been adopted by George S Webster, Chief Engineer 
of the Bureau of Surveys. The relative position of all conduits under 
3 ft. diameter is shown in Pig. 4; the general arrangement for larger 
conduits is much the same. Slants and pipes for building connections 
are put in every 15 ft. The minimum thickness of concrete between 
the drain and the sewer is 6 in., except in rock excavation. With those 
sections, the filling over the top of the drain is at least 3 ft. deep. 
Many engineers prefer to have the sewers at one side of the drains, in 
order that they may be reached readily, this requires a wider trench 
than where the two-story arrangement of Fig 4 is employed. 

Sub-main Sewers .—A sub-main or branch sewer is a sewer into which 
the sewage from two or more lateral sewers is discharged. Experience 
has indicated that these long branches, which often lie on the boundary 
between pipe and masonry construction, are quite troublesome to 
arrange, and that defects in their plans are as hkely to arise as in the 
design of the other classes. The reasons for this are several. In order 
to economize in the cost of construction of both sewers and building 
connections, the depths of the sewers below the surface should bo as 
small as possible, but in order to carry off the sewage from the laterals, 
the sub-mains must necessarily be deeper than local house drainage 
alone demands. The grade must be steep enough to give anadeciuatc 
velocity and flat enough to keep the points where the branchoa enter the 
trunk sowers sufficiently high to allow the latter, in the case of coinbiuod 
sewers, to discharge their dry-weather flow into intercepting sowers. 
Furthermore, sub-mains serve relatively small districts, and if storm 
water is carried by them, a material mcrease in the extent of impervious 
territory may make such a change in the maximum amount of runoff 
reaching them in short periods of time that they will become! surcharged 
before the capacity of the large trunks is reached. On the other hand, 
sub-mains of large capacity but carrying small quantities of sewage arc 
likely to ooUeot sludge on the inverts, owing to the low velocities. Con¬ 
sequently, the engineer has to select a size and grade which reduces the 
total of disadvantages to a minimum. In such cases, the egg-shaped 
sewer is sometimes employed to advantage, owing to the small chaniiol 
at the bottom of the section, which usually has a radius of about one- 
fourth the maximum width, and a total height about one and a half 
times the maximum width. 
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In many cases, it is impracticable to connect the laterals to the lower 
portion of a sub-main without usmg very deep trenches for the lower 
parts of the laterals and their house connections, or else keeping the 
laterals at a higher elevation and allowing them to discharge into the 
sub-main through a drop manhole, a special structure described m 
Chap. XV. The choice between the deep lateral and the drop manhole 
depends primaiily on their relative cost, and m determimng costs the 
expense of deep building connections as well as laterals should be 
considered. 

It was pointed out by Hering, in 1881, that an axiom of sewerage 
design was that a sewer of X times the capacity of another does not cost 
X times as much money, and it is therefore desirable to lead as many 
laterals together into sub-mains as possible. This also gives the laterals 
better grades, as a rule 

Another thing to be considered with low-lying sewers in districts where 
high buildings are earned on wood piles was brought out as follows in a 
report on the sewerage of Hoboken, made in 1912 by James H. Tuortes 

Many of the large and fine buildmgs in Hoboken lest upon wooden piles, 
and these wiU remam safe and stable so long as the piles are kept submorged 
below the ground-water level. If the ground-water level were to bo lowered 
below the present prevaihng height, then trouble would be sure to be folt 
in a comparatively short time, by the rotting of tho piles and giiUagea, 
the crushing of the timber, and the settlement of the buildmgs. If all tho 
sewers and their connections were perfectly tight and would remain so, 
there would be httle likehhood of danger from this cause m securing good 
deep-ceUar drainage I am quite certain, however, that sewera cannot bo 
mamtamed in such a condition in Hoboken. 

This recommendation is confirmed by observations in New York 
and portions of Boston, where the construction of subways and sowers 
has lowered the ground-water level in places and comparatively now 
foundation pihng has rotted away. 

Main Sewers.—The main or trunk sewers are the main stems of the 
sewerage network; in small cities there may be only one, but in largo 
cities there may be several, sometimes umting where the general arrange¬ 
ment of the system is that of a fan and sometimes discharging independ¬ 
ently into rivers, lakes, or ponds, hko the trunk combmed sewers of 
New York and most storm-water drains everywhere. 

There is, of course, a great difference m the design of the main sewers 
of sepai’ate and combined systems Where storm water enters into 
consideration it usually exceeds the amount of house sewage so greatly 
that the reqmred capacity of the sewers is deter min ed by it Tho only 
mfiuence of the house sewage on the design is to govern to some extent 
the shape of the invert, in order that the channel for the dry-weather 
flow may be such that the velocity durmg rainless periods will be main- 
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tained within desii’able hmita. The flow in sewers is discussed in the 
next chapter 

The size of main sewers receiving house sewage only may be selected 
on somewhat narrower hnes than the size of the laterals and sub-mains, 
because it is hardly probable that all these small sewers will receive 
more sewage than the expected future maximum. Nevertheless, in 
many cases, the maximum assumed quantities are not more than 
about seven-tenths of the greatest capacity of the sections which have 
been provided. In other words, an additional factor of safety of about 
60 per cent has been provided, over the allowance made in estimating 
maximum rate of flow. 

Where main sewers lie deep and the branches discharging into them 
would naturally be much higher, well holes aie sometimes used to con¬ 
nect the two. These devices are described in Chap. XV, which also 
gives a description of flight sewers, occasionally required where a heavy 
drop in the grade of a main sewer is necessary. 

A feature of design which should be mentioned in this place was stated 
as follows in Hering's report to the National Board of Health m 
1881: 

The junction angle of converging sewers should be an-anged so that the 
direction of flow of the two streams before joining is as nearly as piacticable 
the same. Neither will then lose much velocity in. ondeavormg to overcome 
the change in direction The less the sizes of the respective sti earns differ 
from each other, the more essential is this consideration An important 
feature of junctions is the relative height of the joining streams, for unless 
this point is considered, backwater and deposits may occur in one of them. 
TheoretidaUy, the joinmg sewers should be so shaped as to constantly dehver 
the sewage of each at the same level To comply with this demand on all 
occasions is impossible, and it will suffice to consider the ordinary flow which 
occurs during nino-tenths of the time. The surface of the latter in the 
branches should bo either the same for all, or increase m height as the bulk 
of the sewage becomes loss. In other words, tho smaller sewers should jom 
the larger ones so that thoir ordmaiy flows meet at the same level, or so that 
tho smaller sower discharges at a higher level. Wlien two sewers discharge 
into a manhole opposite to each other, at points above its bottom, they 
should be placed at different heights, or else receive a slight lateral turn, so 
that tho full discharges do not directly meet each other. 

Main sewers on the combined system ai-e such expensive works that 
every opportumty should be sought for reducing their cost legitimately 
Sometimes this can be done by providing several outlets where surplus 
storm flow can escape through short channels or conduits to neighbor¬ 
ing bodies of water, and at London provision has even been made to 
pump some of this storm flow mto the Thames rather than give the 
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long main sewers the siae needed to handle it. These pumping stations 
are operated by gas engines, and are run only when the storm flow 
must be handled. Sometimes the first cost of combined main sewers 
can profitably be reduced, where the cost of construction is not heavy, by 
emplosdng a rather small cross-section and constructmg another trunk 
sewer later when it is needed. Where construction is expensive on 
account of poor ground or the presence of large amounts of water, or 
imposes a serious burden on the business of the streets in which it is 
carried on, it is usually advisable to design the main sewers to serve the 
commumty for the entire period which the interest rates on the cost of 
the sewers make most economical. Often the most satisfactory method 
of keeping down the cost of combmed trunk sewers is to run them to the 
nearest bodies of water and draw off the dry-weather sewage into inter¬ 
cepting sewers near their lower ends. The extreme lower ends of the 
main sewers thus discharge storm water during rains while at other 
times the house sewage passes into the intercepting sewers. The 
methods of delivermg the sewage into the intercepting sewers are 
explained in Chap XVII. 

Intercepting sewers, or collectors, are of two distinct types. The first 
receives part or all of the sewage of the system above a given contour, 
and IB employed either to permit a reduction in the size of the inter- 
cepteis at lower levels or to discharge by gravity the sewage from dis¬ 
tricts high enough to make pumping unnecessary. In the latter case, 
low-level mam sewers are employed to convey the sewage from the 
lowlands to the pumping stations The second type of interceptor 
crosses the lower ends of the mom sewers of combined systems and 
receives the dry-weather sewage carried by them. By restricting its 
duty mainly to the house sewage, it can be kept of relatively small 
size and the sewage can thus be conducted by it in the most economical 
manner to the place of disposal. By a suitable allowance in the design 
of the special structures for intercepting the house sewage^ the offensive 
first wash of the storm may also be diverted, if necessary. 

Intercepters are given capacities determined by the methods explained 
in Chap. V. They generally are designed to cairy a quantity equiva¬ 
lent to from 300 to 400 gal. per person from a population estimated to 
exist from 30 to 40 years after the date of the designs. 

Relief sewers are built to take part of the sewage from a district where 
the main or intercepting sewers are already overcharged or are in danger 
of becoming so They may be used to take excess storm water where it 
threatens to surcharge old sewers, as happens when the area of impervi¬ 
ous land increases greatly or additional territory is drained into these 
old mam lines, or they may be made to serve constantly a given district 
and be connected with the sub-mains and laterals in it, so as to restrict 
the service of the older main sewers to a more distant district. Experi- 
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ence in large cities, notably in London, shows that more than one relief 
sewer may eventually become necessary for a given distnct.^ 

The need for relief sewers is not necessarily an indication of any 
error in the original plans of a sewerage system. As already stated, it 
may be wise under some local conditions to use rather small main sewers 
at first, particularly if there is considerable doubt as to the direction in 
which the city’s population will extend. If funds permit and the 
difficulties of constmction are great, it is better as a rule to provide 
generous capacity at the outset. 

Outfall sewers are the large lines leading from the lower ends of the 
collecting system to the places of disposal. The end of an outfall sewer 
running into water is termed its outlet; “outfaU” is sometimes used for 
"outlet.” The discharge of a sewer which is paidly or wholly sub¬ 
merged is discussed in the next chaptei 

Inverted siphons are sewers in which sewage runs under pressure 
due to their dropping below the hydraulic grade line and then rising 
again. The name is a poor one, but not so bad as "siphons,” which is 
occasionally employed, although that term means something entirely 
different. It would be much better to speak of aU such sewers as pres¬ 
sure or depressed sowers. They are most frequently employed to cross 
under rivers, but occasionally ore needed on outfalls to avoid the long 
linos which would be required to keep the sewers on the hydraulic 
gradient, or to make pumping unnecessaiy. 

In their design it is necessary to allow for internal pressure, and until 
recently cast-iron or steel pipe has generally been employed for them. 
With the development of reinforced concrete, however, a new material 
has become available for pressure sewers built in the trench, which have 
been constructed of noteworthy dimensions in Paris, and stiU more 
recently reinforced-concrote pipes of large size have been made and 
used successfully for carrying water under pressures up to 90 lb. per 
square inch. 

The various details at the ends of inverted siphons are described in 
Chap. XVI. In any case where such siphons are employed, care should 
be taken to provide blowoffs at the lowest pomts, if possible, and to 
prevent, so far as practicable, coarse materials from entering them. In 

1 Tho AdmlBsloa of the runoEE from roofs into separate flewers may prove the oause of an 
early nooosaity for greater sewerage faoibtieB in a distnot where this praotioe is permitted. 
For example, In some of the sootions of Cinolnnati, which wore provided with separate sewers 
before they wore annexed, tho runoff from roofs was permitted to bo disoharged Into tho 
sowers. After those sections of the city beoome built up to a greater extent, this runoff 
overtaxed the sower oapooity, and storm sewers wore added as street Improvements were 
made. In oases like this, relief sowers of districts provided with separota sewerage syatoms 
beoome absolutely neoossary and it not infrequently happens that the existing separate 
sewers are retained for that puiposo exclusively and combined sowers of large size are bidlt 
to act as main sewers receiving tho disoharge from the separate sewerage system and also 
from storm-water drams 
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connection with, such a pressure sewer at Fitchburg, Mass , for example, 
a grit chamber with screens was provided, and a blowoff branch has 
been built to the Nashua River. 

Force mains aie pressure sewers through which sewage is pumped. 
Where small pumpmg stations are used to avoid placing sewers in deep 
trenches, it is often desirable to concentrate the hft at the stations, the 
sewage flowing to them by gravity and, after being lifted, flowmg away 
by gravity, thus avoiding the use of long force mams. 

Flushing sewers are occasionally used in sewerage work to flush out 
water courses receiving sewage or to convey water for flushing to the 
head of the hnes to be kept clean. They are not sewers, stiictly speak¬ 
ing, but water conduits. Milwaukee, Chicago, and Brookljm possess 
flushmg works of the first class. A good example of the second class 
was proposed by James H Fuertes, in 1912, for use ih connection with 
new sewers at Hoboken, N. J. This plan called for large, shallow, rein- 
forced-concrete tanks at the heads of the flat trunk sewers needing 
flushing. The tanks were to be supphed with harbor water through 
pipe-flushing sewera budt into the concrete foundations of the main 
sewers, a flap valve being placed on the end of the supply pipe m each 
tank. In this way, the tanks would be fiUed on rising tides and the flap 
valves would prevent the escape of the water as the tide falls. At the 
proper time on the faUing tide, a slmce gate would be opened automati¬ 
cally and quickly to let the water run out of the tank into the sewer, 
the operation of the gate being controlled by a float. 

GENERAL DETAILS OF SEWERAGE SYSTEMS^ 

Grades.—Although the grade of the invert is usually meant when the 
grade of a sewer is mentioned, in determimng the cross-sections of 
combined and storm-water sewers the surface of the flowing sewage or 
the hydrauhc gradient must be the controlhng grade. In the case of 
separate sewera for house sewage alone, this distinction is rarely impor¬ 
tant and consequently is generally disregarded, but with combined 
sewers, where the surface of the water in the sewer during heavy rains 
may have a smaller slope than the invert, the surface gradient must 
be the controlhng inchnation or unpleasant conditions may arise hke 
those winch existed in Brooklyn, as mentioned m the Introduction. 

The invert grade is the most important factor controlhng the flow in 
separate sewers, and m combined sewers while only the dry-weather 
sewage is flowmg As explained in detail in the next chapter, the slope, 
S, is commonly taken as equal to v^/C^R, where v is the velocity, C is an 

1 In this Bubohapter, tbo authors have adopted many of the methods of presentlns the 
eubjeot whioh are found In Frahlins'e ‘‘Die EntwB.aseruns dor St&dte," fourth edition, 
1010, a troatiBO ombodyinE the results of the InvestiKatioiiB and etudies of one of the foremost 
Qerman sewerage specnolists 
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jmpirical coefficient, and R is the hydraulic mean radius or the area 
)f the cross-section of the flowing stream divided by the length, of the 
Dortion of the perimeter of the section which the water touches. The 
ipplicabihty of the formula at low depth of flow is questionable, and 
luch data as are available indicate that when the depth, is less than 2 in. 
ir thereabouts, the velocities are much less than those obtained by the 
ormula. This results in the stranding of suspended matter on the 
nvert until it is flushed out by a larger flow than usual. In the case of 
.he smallest laterals, it is inevitable for them to be dry near their dead 
mds at times, and a mere trickle of sewage generally flows through 
,hem, so that the stranding of suspended matter in them is common 
ind they are often kept clean by flushing, either by hand or by automatic 
ippai’atus described in Chap XVI. As a result of expenence and obser- 
i^ation, American sewerage specialists have reached a fairly uniform 
iraotice in respect to minimum grades for these small sewers, which is 
explained in detail m Chap. III. A rule for the minim um grade much 

ised in England is to make it equal to _ , | where d is the diameter 

oct oU 

n inches. In Germany, circular house connections with a diameter of 
t to 6 in. are given slopes of 1 15 to 1 30, if possible, house connections 
»f 6-in. diameter, slojjes of 1 20 to 1.50, lateral sewers up to 12-in. 
liaineter, slopes of 1.30 to 1.150, and from 12- to 24-in diameter, slopes 
)f T60 to 1'200. With egg-shaped sections, the mimmiim slopes are 
omewhat reduced; the preferred range of grade of branch sewers of 
.uch a section is from 1.100 to 1.300. In large mam sewers the grades 
lan be still further reduced, as explained in detail in Chap. Ill, 

It is not always practicable to adhere to the standard minimum 
jrades, for flat topography, a high level of the ground water or the 
lecessity of pumping the sewage may render it advisable to reduce the 
lopes. The absolute minimum for laterals in Germany is about 1 260 
or sizes up to 12 in. and about 1'400 for those between 12 and 24 in, 
vhilc the sub-mains may sometimes be as flat as 1 1,000, m the Umted 
States, the practice is to establish certain minimum gi’adea (see Chap 
II) for use in the di-afting room, and, if stiU lower gi-ades appear neces- 
,ary, to have the matter submitted for decision to the chief engmeer’s 
)ffice. It is probable that the larger quantity of sewage resulting from 
he more liberal use of water in the United States accounts, in part, for 
he adoption of flatter grades for small sewers here than in Germany. 

The maximum limit for grades has been less discussed in the United 
Itatcs than has the minimum limit, but it is an important matter, par- 
icularly with combmed sewers and storm-water drama, where high 
/■elocities of dischai'ge may cause the suspended sediment to erode the 
nverts and walls. In Germany, the maximum for small house drama is 
ibout 1:10, for 6-m. house drama about 1 16; for laterals about 1:20. 
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The disadvantage of steep slopes m small sewers is m the probability 
that the water will flow off so rapidly that the large floating matter will 
become stranded on the invert and will not be dislodged by the next 
wave passing down the sewer In small sewers, it is practicable to avoid 
these steep grades by usmg drop manholes, and on sub-mains and 
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mams by using flight sewers, these special details are described in Chap 
XV. 

Turmng aside from these grade relations, the profile of the mvert 
of a long sewer is frequently a concave curve with the steeper part at 
the smaller end. If it is desired to have the hydrauho grade lie parallel 
with the mveiii and at the same time have the sewer run full, it follows 
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lat a part of the sewer must be under pressure during storms, as shown 

Fig 5, the amount of the pressure being determined by the position 
■ the hydrauhc gi-adient. If it is desired to avoid this, the invert slope 
Liist be increased to provide the additional head, which will result in 
line sections of the sewer runmng only partly fuU, or the invert must 
3 stepped from time to time (Fig. 6), or the cross-section must be 
idened Stepping the invert involves laying the upper portions of 
le sewer at a lesser depth, but it can be arranged to give better 
etaila than with the continuous mveii; if the drops in gi’ade are located 
t the inlets of the larger branches, as shown in Fig. 7. Such a detail 
voids a reduction m velocity in both the sub-mam and main sewer, 
'hich is particularly desirable with low depths of sewage when solids are 
lost hkely to drop to the invert. On the other hand, the upper 
ortions of the sewer may not be deep enough to properly serve deep 
asements, unless the depth of the whole sewer is increased. As 
heady mentioned, it is practicable to avoid checking the velocity in 
he branch by giving the latter a suitable elevation above the mvert of 
he main into which it discharges, but this arrangement does not help the 
nfavorable condition in the mam sewer. 

A special condition arises in combined sewers where there is a relief 
utlet. When a large amount of storm water is flowing and the outlet is 
1 operation (Fig. 8), there is an increase in the hydraulic gradient for 
ome distance above the outlet. Moreover, m the part of the sewer 
.ffeoted by this change in the hydrauhc gradient, the entering branches 
,re also similarly affected and there is a corresponding general mcrease 
n velocity This fact is rarely taken mto consideration, nor an unfavor¬ 
able consequence of it if the sewers are not kept clean, viz , the picking 
ip and sweeping along of sludge previously deposited above the outlet, 
nd its discharge through this outlet. 

A frequent cause of congestion in a branch sewer, and its attendant 
urcharge, is indicated in Fig. 9, where an increase m the elevation of the 
iranch and its tributary lines is impracticable on account of the local 
londitions. The surcharge of the branch can be avoided in this case by 
owering the trunk sewer, os in A, or it can be at least greatly reduced by 
‘mploying a wider section, as in B, which will lower the hydrauhc 
p-adient. It is also possible to give the branch sewer a laiger section, 
ugh and narrow, and thus reduce its hydraulic gradient, but this is 
jxpensive and it may prove best to build the lower stretch of the branch 
/ery carefully with the object of allowing it to carry internal pressure 
it times. 

In laying out a combined sewerage system it is evident, from what has 
leen said, that it is usually flrst necessary to determine the mimmum 
permissible elevation of the sill of the lowest rehef outlet. This will 
suable the elevation of the trunk sewer at that pomt to be established, 
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sewage escaping from an overflow under such conditions will probably 
not fall below an amount given by the expression Q = rdH^, where 
Q is the discharge in cubic feet per second, I is the length of the sill, H 
IS the depth of the sill below the water surface in the sewer, and w is a 
coefidcient taken from the followmg hst and dependmg upon the ratio 
of h, the height of water in the relief channel above the sill, to H. 

h/H 01 02 03 04 05 06 07 

n. 22 22 21 20 16 13 11 

Preliminary Studies.—In making the preliminary studies of a system 
of sewers, it is possible to use merely tables of the discharge of sewers 
laid on a grade of 1 per cent. Table 2 is an example of such a table, 
based on a value of ti =? 0 013 in the Kutter formula, explamed in the 
next chapter. Some engineers prefer to use such tables and a shde rule 
to readmg quantities from diagrams like those given in the next chapter, 
and to illustrate their use as well as to introduce at this point some of the 
more general problems arising in sewerage work, a few examples of 
preliminary studies (adapted from Friihling’s "Entwasserung”) are 
given here The basic fact to be kept in mmd is that velocities and dis¬ 
charges vary about as the square roots of the slopes 

1 A sewer 1,476 ft. long with a fall of 6 66 ft must discharge 4 097 ou. ft. 
per second, what should be its diameter and velocity? 

The average slope is 6 66 1,476 = 1 226 The tables are prepared for 
slopes of 1:100, velocities and discharges for other slopes vary as the square 
roots of the slopes. The discharge on a slope of 1.100 corresponding 
to 4 097 cfs on 1:226 is 4.097\/(2 25/{oo)> which is readily found by 
slide rule to be 6 15 c.f s If it is desired to have the sewer run full when 
dischargmg. Table 2 indicates that a 16-m circular section will be correct, 
and the velocity will be about 3K ft. per second. The velocity with smaller 
discharges may be found by dividmg the tabular velocities for the different 
depths of sewage by \/{^^Hoo)- It is evident that the velocity sinks to 
ft. when the sewage has a depth of less than about 6 m. 

2. The 16-m. sewer of Ex. 1 discharges 0.063 cu. ft. per second during dry 
weather into a 64-in sewer on a gi-ade of 1:1,200, carrymg 0 88 c f .s. of 
house sewage, what is the beat way to prevent backmg-up of sewage at 
the junction? 

The corresponding discharge of the sub-mam with a slope of 1.100 will 
be 0 88-\/(1,200/100) or 3 06 c.f.s., which Table 2 shows wiU fill less than 
0.1 of the depth of the section or, say, 6 in In the same way, the depth of 
flow m the 16-m. sewer with 0 063 c.f.s may be found to bo less than 0.1 of 
its diameter, or, say, m. Hence, as a first approximation, it may be 
assumed that the invert of the lateral must be 6 — IJ^ ■= 3J^ m. above the 
invert of tlie mam branch to cause the surface of the sewage m the two 
sewers to be at the same elevation. This results m a flattenmg m the invert 
grade in the lateral, which is not hkely to be of importance except where the 
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available fall or slope is rcstrictod. The (lis(;hiirfi;(' of O.OSil into 0,H8 c.f.H. 
will cause only a trifling incioiiso in depth and loss of velocity in tlio ituiin 
sewer After the general layout liiin been worked up !ipj)ro\iuiat««ly, the 
elevation of the sub-maiu sewer at the junction may bo rciiuljiiHtud by tho 
more accurate methods Gxplauiod in the next chapter. 

3. The sub-mam sewer of ISxs. 1 and 2 i.s iiHsunicd to bo two-thirds iillcil; 
what will be the effect of this condition on tho latiiral? 

Two-thirds of 64 in is 30 in , wliicli reprosentH the di'ptli of sowago in tho 
sub-main. If tho position of the lateral is fixeil, as in I'lx 1, this sower will 
be under an mternal pressure of 17J^ in. at tho crown, at its junction with 
the sub-mam. If the total available fall from tho iiiviTt of tlu' lateral at its 
upper end to tlie mvort of tho suh-niain is tJ 511 ft., and it is not to bo under 
pressure at the upper end, tho hydraulic guide, when flowing full, will bo 

^ ® ea the capacity of the latiTiil will he about 3.06 

1,476 oU/ 

cu ft. per second. 

4. In the 64-m. sewer, 2,100 ft. below the junction of tho 16-iu. lateral, 
there is a rehef outlet which, draws tho water down to a doiith of 27 in. during 
a storm. Will its effect bo felt at tho jiiuetion point, and if so, appro.xiniatifly 
how much will it lower the wati'i' at that iioiiit? 

This problem may be solved appro.\iniatoly hy dividing tlio length into 
several sections short enough so that conditions of uniform flow nmy l)u 
assumed to exist in each sootion. For iiistaiieo, aHsuiiK' 14 Hoctioiis of I6(),ft. 
each. Tho startmg point is the olovation of the water opposite the out¬ 
let, or 27 in above tho invert. The H(‘W(‘r flowing full has a eajiaeity of 
202-\/lOO/l,200 = 68 4 cu. ft. per second, assume this to ho tlio total flow. 
At tho outlet this quantity is flowing in a si*etion 27 in. di'ej) oi 60 ])er cent 
of tho depth The ratios of vidoeities and disehargi's at any ih'ptli to those 
at full depth, as will be explained in Chap. Ill, are about as follows: 


Proportionate 

depth 

0 1 
0 2 
0 3 
0 4 
0 6 
0 6 
0 7 
0 8 
0 0 
1 0 


Proportionate 

velocity 

0 3K 
O.Ol 
0.77 
0.00 
1.00 
1.00 
1.12 
1 14 
1.13 
1 00 


Ih'oportioiiate 

ilisehargo 


0.02 
0.00 
0.20 
0.34 
0.60 
0.07 
0.S4 
0.97 
1 00 
1.00 


At 60 per cent of tho depth tho sowor is earrying 60 pur emit of its capacity 
full with the same hydraulic grade. Then 68.4/0.60 = 110.8 eu. ft. ])er sociond 
is the correspondmg capacity of the full sootion, and tho hydraulic grndo near 
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116 8 ® / 1 \ 

the outlet la 202 ^ 'vIOo) ^ I'^OO. Following this method, the depths of 
flow at the successive points may be estimated thus. 

Inches 


Outlet 


27 


Pomtl, 27 + ( 3 ^ -j^) 160X12 -316 
Pomt 2, 316 + (jlg - j^) 160 X 12 - 337 
Pomt 3,33 7 + ( 3 ^-^) 160 X 12 - 36 2 
Pomt 4, 36 2 + (i - j-ig) 160 X 12 - 36 4 

Pomt 6 . 364 + (i - 150 X 12 - 373 

Pomt 6 , 37 3 + ( 3 L - j^) 160 X 12 - 38 0 

Pomt 7 , 38 0 + (gL _ 160 X 12 - 38.6 


The surface curve is now so flat that, for this approximate computation, 
the mcrease m depth may be taken as 3 ^ m per 160 ft for the remainder of 
the section, or 33^ m more to the junction point, where the total depth will 
be about 42 m. 

6 A flow of 44 15 cu ft per second must be earned by a sewer with a 
grade of 1.900. Conditions make it necessary that sewage shall not be 
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backed up to a depth greater than 30 in above the invert. What section 
should be selected? 

A dischaige of 44.16 on 1 000 grade corresponds to 44 16'\/oo^^^ = 
132 46 on 1 .100 grade A 46-m. sewer at 0.9 depth has this capacity, but 
0.9 X 46 = 403^ in is the correspondmg depth of flow, which is too high 
A 48-m sewer on MOO slope has a capacity of 132.46 at about 0.74 of the 
depth or 363^ m., and therefore fulfils the conditions. 

6 . Owing to topographical conditions, a mam sewer must have the pro¬ 
file shown m Fig 10. What are the cross-sections and hydrauhe gradients 
for the given invert grades and quantities? 
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The computation begins with the lowest stretch of sc'Wi'r. The eipiiva¬ 
lent discharge on a 1 100 grade is 2()4.S2-\/( 1,0011/111*0 e f s , till 

amount so large that an aqueduct section of the seniii'lliptie, sciniiuiuilsdie, 
segmental, horseshoe or other type, described in Chap. XII, will !»•’ niH’t 
advantageous. 

If the next stretch were to run full with the jpiantity slatc^d on the proltlts 
it would operate under the head duo to the hyilriiiiJic gnidicnt iifi, <»f at least 
with the gradient oc. In view of tho aliumlant grade, (lie altemative 
arrangement at a, with a drop of sonic soit, siicii as a (light sewer or well 
hole, is preferable. Tlie inveit and liydiaulic gradients an* delei miiied l<v 
trial, assuming for a first approxunation a 00-in. si'elion ami (hat (In* 
lowest stretch is a semiolhptiml section 90 in high 'I’heii (he sIo|n* of (he 
crown, which la assumed to coincide wdli the hydraulic gradient ar, will In* 


1 /l,14cS3 90 00\ I 

1,148 40 ■ 12 12/ -VA.H 

The corresponding volume of water on a I'lOOgrmle will he I7f».lO- 
•\/(438/100) or 116 sec-ft, which requires a sewer ■(/) in. in diaineter. 'The 
assumption of a 60-in sewer is therefore in error, (’banging to a Ifi-in 
section, the slope of the crown is found to bo Jin; (,iui eorrespondiiig rapaeit v 
for 1:100 grade will be 119 cu.ft. persoeond, which is jirovided by (In* 4r)~ni. 
sewor. 

Either ge or edmay be taken for tho hydraulic gi tulierd. of (lie noxl slreteh. 
If the former is assumed, there will bo no internal pn*ssure upon (In* now ti 
of this stretch, but there will bo soiue pi'cH.siiro aii (In* upp<*r I'litl of (ho 
stretch below, and its hyeh-auhe slope and eapaeii.y wdl l)«i stiglillv lediieed. 
Whether the internal pressure de would be olijn*ti«)ualilo will di'poiid on itn 
magnitude, and it is thereforo desirable to estimate approxiina(i*ly (he ero’m» 
section of the stretch ef before fixing that of he. 'I’ln' n-rpiired en]iafi(y 
of 158.92 cfs on a slope of 1:800 conespomls to 'IfiO I'.f.s, a( 1:100, 
This quantity is beyond the scope of 'Pable 2, and a sewei* laiger (bail 00 in. 
diameter will be requhed. By reforonco io Eig. Hi i(, is hia-n (lmt a 
72-in sewer has the required capacity. The aviiilahlo slope from r to d is then 
about 6 76/524.9 or 1'91. Tlie loipiirud eapaeii.y of 171,2.S e.f.n. a( (his 
slope corresponds to 163 c.f.s. at a slope of 1:100, for which a fil-in. sewn* \h 
adequate. Making the computation as though the entire st'cliim were liHet] 
for the whole length, a 51-in. sower i-arrying 171.2H c.f.s. would have a 
hydraulic gradient of 1:97, and tlio internal iirossuro at tho crown of M»e 
sower at the pomt e would be 


5^ ,46 /624.9 , 5l\ , „ 

97 ^ 12 “ Vl50 + 12j “ ^ “*• 

If it is desired to avoid this intornnl pressure, the streteli inual. he designeil 
on the basis of the mvert grade, in which caHo the diseluirgi^ on a I .* 100 giade 
IS 171.28\/(^®94oo) = 211 c.f.s., calling for a fi4-in. w'wer. In (his eimn 
there will be a lowering of the surface of the sewage in the (,op M(ie(eli of 
sewer, 03 shown in the illustration. 

7 A stom-water overflow is located as shown in Eig. 11; what is (he leiigf Ii 
of ite sill if the overflow is assumed to como into oiieration mi a livefiild 
dilution of the dry weather sewage ? 
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Tho quantities of sewage and the invert grades are inicated m Fig 11; 
the numbers in parentheses are the quantities during heavy storms, while 
the smaller numbers are the quantities flowmg when the dry-weather sewage 
has received a fivefold dilution. Sower V has to carry, before the relief 
outlet comes into action, 4,13 -j- 2 90 + 3 90 = 11 02 cu. ft per second, 
consisting of 1.84 cu. ft of dry-weather sewage and 9.18 ou. ft. of storm 
water. This quantity on a T 140 slope corresponds to 13.03 cf.s on a 
1 ■ 100 grade. If tho liydrauhc gradient is assumed provisionally to be 
parallel to the invert, the sewer will need a section 20 m in diameter. Since 
it IS not feasible to draw tho sewage down flush with the weir crest at its 
lower end for reasons that will appear later, sewer V will carry more than 
11.02 p.f 8 at maximum discharge and a diameter of 27 in. is assumed. 
Tho 11.02 pfs discharge, or the corresponding 13 03 cf.s on a I’lOO 
grade, fills the 27-m section to a depth of about 12 in., which determines 
tho elevation of the sill of tho relief outlet. 


JT 33”f:9S 
Z.90(S336)cf.s. 


421:200 

3.99C76.64-)c 


({l4-2'^i:iao 

\4l3f7S.i8)clls. 


JSr.S4"t:9S f 

I/. 02(208.3d)0yerf/ovif 

Y.2-4”f:J40 

//.02c.f.s. 

Fig 11 


3pi//wai/froin Overflow 
/9736c fA 



Roforring to Babbitt’s formula for overflow weirs as given on page 632, it is 
evident that to reduce h^, the head on the weir at its downstream end, 
to zero, thus bypassing all of the flow in excess of 11.02 c.f s., an infinite 
length of weir would be lequired. To get an economical design a s m all 
head should be permitted at this point and a discharge greater than 11 02 
will pass down sower V for a bncf period or while the overflow weir is in 
service. Assuming the inverts of sewers IV and V to be contmuous, the 
head on the upper end of the weir, hi, is 64 — 12 = 42 in. or 3.5 ft. With 
Aj = 0.1 ft. a length of weir of 209 0 ft is required while d = 0.26 ft, this 
length is reduced to 156 0 ft. Increasing ha to 0.50 ft decreases the length 
of weir to 114.2 ft. 

Using Engol’s formula, a weir crest of 10 6 ft is obtained, but by substitut¬ 
ing tins value in Babbitt’s formula, it is seen tlmt ha is 2.92 ft. which will 
surcharge sower V and greatly exceed the desired amount of 1102 cfs. 
Babbitt’s formula is in a more convenient form for conditions encoimtered 
in problems of this kind where ha must be closely controlled. 

Allowing a value of 0 6 ft for ha means that sewer V canies a depth of 18 
m. or a discharge of 21.35 cfs. while with ha = 0.26 ft. a 16-m. depth is 
equivalent to a discharge of 16 0 c.f.s. and with ha = 0.10 ft. the discharge 
will bo 12.82 c.f.s. 

It is evident that the 27-in. pipe is larger than necessary. Refiguring for a 
24-m. diameter, it may be seen that the siU of the weir is 13.6 in. above the 
invert with a length of 162 8 ft. discharging 192 46 c.f s. while sewer V 
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takes 16.93 at a maximuin depth of 16 6 in. or with hi = 0 26 ft 

The 24-in diameter will therefore be used for sewer Y. 

Sewer Sections.—The problem of the design of masonry sewers is not 
solved with the determmation of the required carrying capacity, but 
includes a number of other features which may be of considerable 
importance. 

The most economical shape for the waterway cross-section can only 
be selected after careful consideration of the special conditions imposed 
and the relative merits of one typo as against another to meet these 
special conditions. While the circular cross-section has been used for a 
large number of the masonry sewers coijLstructed m this country, there 
has been an mcreasmg use of other forms such as the horseshoe, semi- 
eUiptical, and rectangular sections. In the older combined sewerage 
systems constructed previous to 1890, and built for the most part of 
bnck for sizes above 24 m in diameter, the egg-shaped cross-section was 
frequently used, but since that tune the extended use of concrete has 
caused it to decrease in popularity. The old Massachusetts North 
Metropohtan System was a departure from the practice of the time in 
that it mcluded such types as the Gothic, catenary, and basket-handle 
sections. The general adoption of concrete for masonry seweis has 
brought about a more extended preference for the flatter tsqies of 
inverts on account of their being more easily constructed than the 
inverts of circular or egg-shaped sections. 

Aside from the hydraulic properties, such considerations as the 
method of construction, character of foundation, available space, and 
stabihty may be mstrumental in determining the best type of sewer 
section to adopt for a given case. 

The selection of the proper thickness of masomy for a given size of 
sewer, unless determined in the hght of experience with similar struc¬ 
tures, should be the result of a careful consideration of the forces to be 
encountered and an analysis of the stresses as determined by the best 
available methods. This applies particularly to the larger sewers, 6 ft. 
in diameter and over. 

A study of existing sewers is one of the best guides to safo construction 
although not necessarily the most economical construction. Empnical 
formulas founded on experience have some value but should not be 
depended upon without an adequate analytical check. 

The proper selection of the materials of construction involves not 
only a comparison of the cost of one material with that of another but 
also a consideration of the relative life and wearing qualities of the 
materials. The latter applies especially to the materials used for the 
lining of the mvert. 

In some locahties, the erosion of sewer inverts has been a serious 
problem responsible for the failure of the entire structure To resist 
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this wear, a lining of vitrified brick has been found satisfactory 
in some cases. 

Sewers are subjected to the action of external forces due to surface 
loads transmitted through the backfill and to the pressure of the back¬ 
filling material itself. Surface loads may be divided into live and dead 
loads. The former include such loads as locomotives and other 
raih'oad rolling stock, road rollers, and heavy vehicles, the latter include 
loads from piles of lumber, brick, coal, and other materials commonly 
stored in commercial and manufacturing districts. 

With the advent of reinforced concrete has come a greater need for the 
careful analysis of the masonry section for large sewers. With sewers 
constructed of brick or plain concrete, the sewer arch, if properly 
designed, is subjected only to compressive stresses and depends largely 
for its stability on the ability of the side walls or abutments to resist 
the arch thrust. With reinforced concrete, however, the structure as 
a whole from invert to crown can be designed to resist heavy bendmg 
moments and to act as a monolith 

The so-called "elastic theory” presents the most rational and prac¬ 
ticable means for the analysis of sewer sections. The method of 
analysis under this theory as described by Turneaure and Maurer in 
"Principles of Reinforced Concrete Construction” is one of the simplest 
and best, but for an analysis of the structure as a whole, particularly 
where the sewer is to be built m compressible soil, the method developed 
by Prof. A W. French for the authors is preferable. 

Although the previously mentioned aids in design are of the greatest 
assistance, there must be behind them all sound judgment coming from 
experience if the best results ai-e to be obtained. 

DEPKECIATION OF SEWERS 

A sewerage system represents the investment of a large amount of 
money, usually raised by issuing bonds If mumcipahties paid as much 
attention to financial accounts as private corporations do, the present 
value of the sewerage and other pubbe works would be ascertained from 
time to time, just as a railroad company revises its estimates of the 
value of its physical property. Or if sewerage works were often built 
by private corporations and taken over later by the mumcipahties, 
valuations of such works with accompanying estimates of depreciation 
would bo made frequently enough to furnish sigmficant information 
upon the progi'essive loss in value of such works with increasing age. 
It is probable that if annual charges for the use of the sewers were 
commonly made, the necessity for justifying such charges would lead 
to valuations and determinations of depreciation which would be of 
real significance The fact is, however, that few if any systematic and 
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scientific attempts to determine the value and depreciation of sewers 
have been made, and such work as has been done along this line is not 
general enough to serve as a guide or to warrant any definite conclu¬ 
sions as to life of sewers and appurtenant structures. 

A very large part of the sewers constructed prior to 1880, and some 
built since that date, were inadequate, and the methods and materials 
of construction employed in many of the early sewers were such that 
serious physical deterioration has occurred. Consequently, a compila¬ 
tion of data relating to the abandonment or reconstruction of old sewers 
would be of slight value iu attemptiug to forecast the useful life of 
modem sewers built on adequate designs and of thoroughly resistant 
materials. Probably a careful inspection of the physical condition of 
the sewer structures, including tests of wear of inverts, condition of 
jomts of brickwork and of pipe sewers, approximate determination 
of leakage into the sewers, wear of manhole frames and covers, and the 
like, would usually enable an experienced engineer to estimate fairly 
the “percentage condition” of the stmctures, and this combined with 
an allowance for functional depreciation resulting from changes in 
character of distncts or annexation of territory, with consequent 
inadequacy, is likely to prove the fairest method of determining deprecia¬ 
tion of sewers unless and until a sufficient body of data shall have been 
accumulated to serve as a guide in the determmation of probable useful 
life and the mathematical computation of depreciation therefrom. 
Under any circumstances, it is likely that a thorough inspection will be 
necessary to an intelhgent estimate of depreciation and future life. 

The desirability of compiling information relating to actual useful 
life of sewers is obvious, and it is to be hoped that engineers having 
charge of sewer systems will put such data on record so that they may 
be summarized and available for use in the future. 
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CHAPTER II 


HYDRAULICS: FLOW OF WATER AND SEWAGE 

Hydrodynamics, Hydrostatics, Hydraulics.—The science of hydro¬ 
dynamics IS that branch of hydrauhcs which treats of the mechanics 
of fluids in motion. The science of hydrostatics, on the other hand, 
treats of the mechanics of fluids at rest. 

The term hydraulics is here used as having the broader signiflcance 
including both hydrostatics and hydrodynamics. This chapter, there¬ 
fore, embraces a brief reference to water and some of its more important 
physical attributes, and to certain of the pnnciples of hydrostatics and 
a more extended discussion of hydrodynamics or the principles govern¬ 
ing flow, especially in sewers. 

WATER AND SEWAGE 

Water (H 2 O) is a colorless hquid with high solvent powers. Having 
great fluidity, or little viscosity, it transmits pressures equally in aU 
directions throughout its mass, the direction of the pressure being 
normal to the surface to which it is applied (Pascal’s law). 

Sewage IS composed of about 99.9 per cent of water and but 0.1 jier 
cent of mineral and organic matter,^ and has a specific gravity but 
very little in excess of unity (1.001, approximately); it is treated in 
hydraulic discussions as if it were clear water. The retarding effects of 
its contents at times and under certain conditions, more particularly at 
the dead ends of the collecting system, are not to be lost eight of, 
however ^ 

Compressibility.—^In hydraulic computations, water may be assumed 
to be substantially, incompressible, its coefficient of compressibility, or 
decrease in unit volume, caused by a pressure of one atmosphere (14.7 
lb. per square inch), being approximately 0 00005. Its modulus of 
elasticity, E, in compression is approximately 296,000 lb. per square 
inch. The modulus mcreases and the coefficient of compressibihty 
decreases slightly with increase in temperature. As an increase in 
pressure of 10 atmospheres increases the weight of water only by about 
0.03 lb. per cubic foot, the effect of compressibility is negligible. 

Molecular Changes.*—Water reaches its maximum density at 39.3° 
F., at which point its specific gravity is unity. Water freezes at 32° 

1 Thia oorreeponds roughly to 1,000 porta per million of total solids, 
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F., at which temperature its specific gravity is 0 99987. It is owing to 
the fact that the maximum density of water occurs at a slightly higher 
temperature than the freezing point that bodies of fresh water do not 
freeze to a greater depth, for as the temperature of the water gradually 
falls m the early winter, the point of maximum density is reached at 
39.3° F , and as the water chills further at the surface, by reason of^its 
contact with the colder atmosphere, its specific gravity is raised and the 
cold layer of water therefore floats, except as wind currents may cause 
circulation and carry some of it to lower depths, and thus it continues 
to fall m temperature until the ice sheet forms 
Water boils at sea level (barometric pressure of 30 in. of mercury, or 
34 ft. of water) at 212° F., when its specific gravity is approximately 
0 96865 

Weight of Water, Ice, and Sewage.—Fresh water weighs about 62.43 
lb. per cubic foot For approximate computations, the unit 62.6 lb. 
is often used for convemence, and then 

1 cu. ft = 62.5 lb = lb. = 1,000 oz. 

Salt water vanes in density and weight, that of the Atlantic Ocean 
weighing, in the latitude of New York, approximately 64.1 lb., and in 
the Gulf of Mexico, 63 9 lb. The water m Great Salt Lake weighs from 
69 to 76 lb per cubic foot 
Ice weighs 67.2 to 57 6 lb per cubic foot. 

Sewage is usually assumed to have the same weight as water. In an 
mvestigatidn made by Harrison P. Eddy of the weight of the sewage 
discharged through the North Metropohtan Sewer at East Boston, a 
specific gravity of 1 0018 was found, the sewage having 1,022 parts of 
chlonne per million. This would correspond to an excess of 0 1 lb. 
per cubic foot, over the weight of fresh water, and this was a fau’ly 
strong American sewage, contaimng much salt or sea water 
The atmospheric pressure at sea level will sustain a column of 
mercury 30 in. high, in vacuum, and of water, 34 ft. As mercury 
weighs 0 49 lb. per cubic mch, this corresponds to 30 X 0 49 = 14 7 lb 
per square mch pressure (1.033 kg per square centimeter). This is 
known as the pressure of one atmosphere, a pressure of two atmospheres 
being double this amount, or approxunately 29.4 lb. per square mch. 
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Tabib 3.—Atmospheric Pressures and EquivaijEnts 
Mermnan’s “Treatise on Hydraulics,” 1912. 


Mercury 

barometer, 

mches 

Pressure, 
pounds 
per square 
inch 

Pressure, 

atmos¬ 

pheres 

Water 

barometer, 

feet 

Eleva¬ 

tions, 

feet 

Boihng 
point of 
water, 
degrees 
Fahrenheit 

81 

16 2 

1 03 

36 1 

-890 

213 9 

30 

14 7 

1 00 

34 0 

0 

212 2 

29 

14 2 

0 97 

32 9 

+920 

210 4 

28 

13 7 

0 93 

31 7 

1,880 

208 7 

27 

13 2 

0 90 

30 6 

2,870 

206 9 

26 

12 7 

0 86 

29 6 

3,900 

206 0 

26 

12 2 

0 83 

28 3 

4,970 

203 1 

24 

11 7 

0 80 

27 2 

6,080 

201 1 

23 

11 3 

0 76 

26 1 

7,240 

199 0 

22 

10 8 

0 72 

24 9 

8,465 

196 9 

21 

10 3 

0 69 

23 8 

9,720 

194 7 

20 

9 8 

0 67 

22 7 

11,060 

192 4 


Gravity.—The acceleration due to gravity is approximately 32.16 
ft. per second per second. 

Table 4.—Functions of Acceleration Dub to Gravity, g 
Hughes and Safford’s ‘‘Hydraulics ” 

In feet In meters 


Number Log Number Log 


g 

32 16 

1 6073 

9 803 

0 9914 

2g . . 

64 32 

1.8083 

19 607 

1 2924 

\2g)^ . 

8 02 

0 9042 

4 428 

0 6462 

H(.2g)^ . . . . 

6 347 

0 7281 

2 962 

0.4701 

1 

2g 

0 01666 

2 1917 

0.061 

2 7076 


Various formulas for the value of g for any latitude and elevation have 
been devised. Hamilton Smith^ quotes a formula used by the U. S. 
Coast and Geodetic Survey, and gives values of i2g)^^ based thereon, 
from which the following table has been prepared 

1 "Hydrauliofi," 20. 
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Table 6 — Values op g foe Vaeious Latitudes and Elevations 

Elevation in feet above sea level 
Latitude i i i i i 



0 1 

1,000 1 

2,000 1 

3,000 1 

4,000 1 

6,000 

0 

32 089 

32 086 

32 083 

32 080 

32 077 

32 074 

20 

32 109 

32 106 

32 103 

32 100 

32 097 

32 094 

40 

32 169 

32 166 

32 163 

32 160 

32 147 

32 144 

60 

32 216 

32 213 

32 210 

32 207 

32 204 

32 201 


Intensity of Water Pressure.—Ignonng the influence of changes in 
atmospherio conditions and external forces, the intensity of pressure 
on the unit of area, resulting from a column of fluid of given height, 
is equal to the weight of the flmd per unit volume, times its height. 

P = wh 

P in pounds per square foot =■ 62.4Ji 
P in pounds per square inch = 0.4333A 
h = P/w 

h = 0.016P in pounds per square foot. 
h = 2 308 p m pounds per square inch 
Expressed in words, this means that a pressure of 1 lb per square 
inch corresponds to a head of 2 308 ft. of water. A pressure of 1 kg. 
per square centimeter corresponds to a head of 10 m. 


Table 6.—Convbesion Factoeb poe Units op Peessuee 
Hughes and Safford’s “Hydraulics,” first edition. 



Feet of 
water 

Log 

Inches 
of mer¬ 
cury 

Log 

Pounds 

per 

square 

Inoh 

Log 

Pounds 

per 

square 

foot 

Log 

Founds per square 
Inch to 

Founds per square 

2 308 

0 3032 

2 

037 

0 3000 

1 0000 

0.0000 

144 00 

2 1684 

foot to 

Inohes In height of 

0 01603 2 2048 

0 

01414 

2 1606 

0 00004 

3 8416 

1 000 0 0000 

mercury to 

Feet in height of 

1 133 

0 0642 

1 

000 

0.0000 

0 4010 

1.0010 

70 009 l.ai04 

fresh water to 
Feet In height of 

1 000 

0 0000 

0 

8820 

r 0458 

0 4333 

r 6308 

62 4 

1 7062 

sea water to 
Atmospheres to 
Atmosjiheres to sea 

1 026 

33 923 

0 0107 
1 6306 

0 

20 

0047 

042 

r 0666 

1.4763 

0.4442 
14 70 

1 0476 
1 1073 

64.0 
2110 8 

1.8002 
3 3267 

water 

33 006 










Spedfio gravltiefl used in this table are- fresh water, 1 000; sea water, 1 026, meroury 
13.6968 
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A head of 1 ft. of water produces a pressure of 0.433 lb. per square 
inch A head of 1 m. produces a pressure of 0.1 kg. per square 
centimeter 

For rough calculations, the weight of fresh water is frequently taken 
as 62.6 lb. per cubic foot; and one atmosphere equivalent to 34 ft. of 
fresh water, 33 ft. of sea water, or 30 in. of mercury. 

THE FLOW OF WATER 

The laws of hydraulics are essentially similar to the fundamental 
laws of mechanics The basic principles governing the flow of water, 
neglecting the disturbing or modifying influences of friction and initial 
pressure, are founded upon the laws of falhng bodies. 

In 1643 Tomcclh enunciated the theorem that ‘‘the velocity of a fluid 
passing through an orifice m the side of a reservoir is the same as that which 
IS acqmred by a body falhng freely m vacuo from a vertical height measured 
from the surface of the flmd m the reservoir to the center of the orifice 

In 1738 Daniel Bemoulh, the emment mathematician of Basle, Switzer¬ 
land, propounded the important hydrauhc law of the conservation of energy 
m flmds, which may be stated thus. “At every section of a contmuoua and 
steady stream of frictionless fluid, the total energy is constant, whatever 
energy is lost as pressure is gamed as velocity. Therefore, in terms of head: 
Total energy = velocity head + pressure head + head due to position = 
constant.”® 

Laws of Falling Bodies.—Neglecting the influence of friction, the 
laws of falling bodies are as follows 

v = gt = 32.16f (1) 

or, in words, the velocity of a falling body in a vacuum at any moment 
is equal to the time of the fall multiplied by the acceleration of gravity. 

h = lt = = 16 08f® (2) 

where h = fall or vertical distance traveled m feet. The distance 
traversed, or the fall in feet, is equal to one-half of the product of the 
acceleration of gravity and the square of the time, in seconds, elapsing 
in the fall; 

* = I = 602 = “-“I®®®”’ ® 

or the distance traversed, or the fall in feet, or the velocity head, is 
equal to the square of the velocity divided by two times the acceleration 
of gravity; 

V = ‘\/2gh = Bt.Q2y/h 

1 Hughub and Sapfobd, "Hydraulics," 8. 

® Idem , 81. 


(4) 
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or the vMocity is equal to the square root of two times the fall in feet 
multiphed by the acceleration of gravity The velocity then varies 
as the tune and as the square root of the head, and the head varies as 
the square of the tune and the square of the velocity. 

If there be an initial velocity, F, in feet per second, 


Equation (1) becomes 

V = V + gt 

(6) 

Equation (2) becomes 

h = -}- Vt 

(6) 

Equation (4) becomes 


V = + V 

(7) 


Flow of "Water in Pipes and Conduits.—Water seeks its own level, 
the level or surface being approximately perpendicular to the direction 
of the force of gravity. Conversely, if its surface be not level, it will 
flow from the higher level to the lower. This is but another way of 
saying that difference in pressure, or in level or “head,” as it is called 
techmcally, is necessary to make water flow—a fact sometimes 
overlooked. 

If, then, there be available a certain difference in level—called “fall” 
if measured from the upper point to the lower, or “head” if measured 
from the lower to the upper—^between two pomts along a pipe, conduit, 
or channel cariying water or any other liquid, flow wiU be induced at 
a rate dependent, first, upon the faU as compared with the length 
traversed, second, upon the cross-section of the pipe, conduit, or chan¬ 
nel; third, upon the character of its interior surface; fourth, upon the 
condition of flow with reference to the pipe, i.e., whether the pipe is 
under pressure or not, whether it is flowing fuU or partly fuU, and 
whether it is flowing umformly, steadily, variably, or intermittently 
on account of constant or variable cross-section, or other cause; fifth, 
upon the presence or absence of curves or other partial obstructions, 
and upon the movement of air in partly fiUed pipes, or effect of wmd in 
the case of open channels, and, sixth, upon the character, specific gravity, 
and viscosity of the liquid. 

Let us examine briefly the hydrauhc conditions of flow, first, in pipes 
flowing full or under pressure, i.e., in pipes in which the pressure is out¬ 
ward, as in water pipes, and, second, in pipes or conduits flowmg barely 
full or partly fuU in which there is a free surface of the liquid, as is the 
case with sewers 

Bernoulli’s theorem, that the total energy in a steady stream of fnc- 
tionless fluid is a constant and is equal to the elevation plus the velocity 
head plus the pressure head, may be expressed by the following formula: 

II = ht-]rhj,-]rJh = ha-{--= —\- — 

2g w 
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Practically, the conditions of the perfect fluid do not exist. Other 
elements enter the problem—the frictional resistance of the pipe, 
channel, or conduit to the flowing fluid, and other resistances to flow. 
These factors are covered in Bernoulli’s theorem by the addition of 
other terms in the equation just given. As apphed to two different 
points, A and B, between which there are no losses except that due to 
friction, 

H = he -i- hv + hp = he + h' hp hf using the same nomenclature 
and hf being the lose in head due to the frictional resistance of the 
surface traversed by the fluid in passmg from pomt A to point B 

Resistances to Flow.—The more important elements of loss of head 
in pipes are the fnctional loss due to the interior surface of the pipe, 
the loss on entrance into the pipe (called the “entry head”), and losses 
due to sudden enlargement, sudden contraction, changes in direction, 
partial obstructions, entrance of branches, etc When the velocities 
are low, as is usually the case in sewers, losses other than that due to 
fnction^ are generally so small that they may be neglected, but in some 
cases, particularly when high velocities are involved, the velocity head 
and other losses may become of major importance. In long lines, the 
frictional lose is generally so much greater than the sum of all the others 
that it obscures the latter, and computations can frequently be made 
as though no other losses existed. 

Hydraulic Grade Line.—The hydraulic grade hne is a hne connecting 
the points to which water would rise at various places along any pipe 
or conduit, were piezometer tubes, or vertical pipes open to the atmos¬ 
phere, inserted m the hqmd. It is a measure of the pressure head 
available at these points. The hydraulic gi-ade line will, of course, be 
influenced not only by the frictional resistance due to the rugosity of 
the surface, but also by anything influencing the velocity head. In the 
case of a canal or open channel, in contradistinction to a pipe under 
pressure, the hydrauhe grade line corresponds with the profile of its 
water surface. 

Steady and Uniform Flow.—Steady flow exists in a conduit or stream 
when equal quantities of water pass the same point in like intervals of 
time, or, in other words, when the discharge is constant for successive 
intervals of time. 

Uniform flow exists when the cross-section and the mean velocity of 
the flowing stream are the same at every point. Uniform flow is a 
steady flow in which the cross-sections of the stream are all alike,, and 
its surface is parallel to its bed. 

The difference in these two conditions of flow must be clearly borne 
in mind on account of its bearing upon loss of head due to various 
causes. It is illustrated by the comparison of flow through a pipe of 

^ Induding that due to depoeits or aeoumulatiouB m the eewere 
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uniform diameter throughout its length and through a Venturi meter 
the ends of which are of similar diameter. While both may be dis¬ 
charging the same quantity of water, the flow in the former is uniform, 
in the latter, steady but nonumform, due to its varying cross-section 

With few exceptions, the ordinary formulas relating to flow of water 
deal only with conditions of steady and uniform flow Such conditions 
rarely exist in sewerage work, however, and it is necessary to give 
consideration to the effects of steady nonuniform flow, and also of 
unsteady flow. The former conditions always exist when there is a 
change in velocity resulting from a change in grade or of cross-section 
or where there is a partial obstruction in the conduit, and its effects 
may be experienced for a considerable distance; the latter conditions 
result from accretions to the quantity flowing, which are frequent in 
the case of most sewers. 

In cases of unsteady or nonuniform flow, the only practicable method 
of computation is to assume the conduit divided mto sections short 
enough so that the flow in each section may be assumed as steady and 
uniform without introducing serious error, and by successive approxi¬ 
mations to obtain results close enough to meet the requirements of the 
problem. Some special cases of steady nonuniform flow frequently 
encountered, and sometimes of considerable importance, are discussed 
in a subsequent section of this chapter. 


Critical Velocity.—Hughes and Safford state 


Turbulent eddymg motion exists m nearly all cases in practical hydraulic 
problems, and the resistance to flow varies m proportion to some power of 
the mean velocity between 1 7 and 2 0 or more. Certain mvestigations, 
however, have shown that at very low velocities the motion of the water 
is in paraUel stream hnes, that is, without the disturbance due to eddying 
motion; and the resistance to flow vanes nearly directly as the mean velocity 
of flow. The velocity at which turbulent eddymg motion begms or ceases 
is called the critical velocity. 

Reynolds® made experiments to determine the point of critical velocity, 
and found that there were two critical values for any pipe or tube; "one at 
which steady motion changed mto eddies, the other at wliich eddies changed 
into steady motion.” The former change was found to occur at velocities 
considerably higher than the latter, and the two cnticol pomts are, there¬ 
fore, called “the higher critical velocity” and “the lower critical velocity.” 

For the higher cntical velocity, 

Vo = ^ (meters per second) 


or 


Ve = 0.2458 (feet per second) 


* ‘‘Hydraulics," First Edibon, 00-02 

® Rstnolds, Obbornx, PhU Trans Roy Soc., 1883, pp 035 et seq 
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where 

D = the diaiiiotor of the pipe 

/■* = (1 + 0 OSSOT + 0,0002217’-)"* IS the temperature correction 

7' = tA’inpofiituro of the water, degrees Centigrade 
For the lower critical velocity, 

1 /■> p 

Vr = (meters); or tie = 0 0387 ^ (feet) 

FiXpeniiionts by Barnes and Coker* show values for the higher critical 
velocity fully double those of Reynolds, and for the lower critical velocity 
as little as lialf as much as Reynolds’. 

All those expel iliumts showed that disturbances in the supply tank, or 
jarring of (lie pipes, made a inaikcd change in the pomt of cntical velocity. 
For practical conditions the point of critical velocity cannot be very precisely 
det'erinined, and except for small pipes is usually too low to be considered. 

Williams, Hubbell, and Fenkell’* say 

The oxporiincnts of Poiaeuille, Hagen, Jacobson, and Hazen show 
that wlu'n water flows through capillary tubes or fine sands where it is 
prevented from taking up internal motions, because the area of the crosa- 
Hoctioii of the stream is almost molecular, that H / varies very nearly as the 
fii-al. jiowcr of v. All rehablo experiments on record show that as the 
diameter decreases the exponent of v, in Hj = mv^, decreases, as has 
boon shown for the hues investigated in this paper: 30 m., H/ =mv^; 
l(i in , Hf = wiu* ““i 12 in , 11/ = niu* and 2-in. brass, H/ = m«* '*®, 
from a possible limit of In other words, the more the chance for internal 
resistance, the higher the exponent of v. To the writers, then, the variation 
of the exponent of v is an index of the chaiacter of the flow, and when that 
becomes greater than unity, stiaight-lmc flow is over, or, the cntical velocity 
of Professor Reynolds is past If, then, these mtomal motions are capable 
of so uicreoBing the rate of loss of head, it is evident that in them the con¬ 
trolling conditions of the laws of flow are to be looked for, rather than m the 
surface resistances. But, beyond this first critical velocity, there appear 
to be others where peculiar phenomena appear. 

The resistance to flow for velocities under the critical velocity (the 
points at which eddying begins and ends) for capillary tubes and small 
pipes may be approximately computed by the following formula sug¬ 
gested by Allen Hazen.^ 



t = the temperature of the water, degrees Fahrenheit. 
fl = a factor; from Saph and Schoder’s experiments on brass pipes 
Hazen determined c to be from 402 to 584; Williams and Hazen use a 
value of 475 m their '‘Hydi’auhc Tables.” 

' Pror Ron. Soc , H, 341-3C0 

^ Wii.Lii^MH, HuiuiBLii, and Fbnkbll, “Flow of Water in Pipes,“ Trans Am Soo. O. E , 
1002; 47, 367 

^ Trans Am Soc Q £,1003,81,316. 
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FRICTION AND FLOW OF WATER IN CONDUITS 

Equation of Continuity.—The discharge of any conduit is given by 
the expression Q = Av 

If the flow is steady m any given conduit there follows the equation 
of continuity 

AiVi = A 2 V 2 , etc. 

The term “velocity," when employed without qualification, is used 
throughout this discussion to signify the mean or average velocity in 
the entire cross-section It is clear that as frictional resistance exists 
between the water and the walls of the pipe or conduit, the velocity of 
flow at these walls must be less than that m the center of the stream. 
The variation in the velocity at different points in the cross-section of 
a pipe discharging under pressure is shown in a general way in Fig 12, 
and m a conduit flowing partly full m Fig. 13. 

When there are no losses other than those due to friction, mean 
velocity is dependent upon, first, the available head or faU, and second, 
the resistance to the flowmg stream. 

The resistance in its turn varies with the length, wetted perimeter, 
and cross-section of the pipe, conduit, or channel; the rugosity, or rough¬ 
ness, of its interior surface; the temperature and hence viscosity of the 
fluid; and the condition of flow, uniform, steady, or variable The 
resistance was shown by Dubuat to be mdependent of the water pres¬ 
sure, thus establishing the essential difference between the frictional 
resistance of a fluid and a solid as compared with the frictional resistance 
of two solids—^the latter of which is dependent upon the weight or pres¬ 
sure of one solid upon the other. 

Development of Formulas for Flow in Pipes and Channels.—^AU of 
the so-called formulas for flow are reaUy expressions for the relation 
between the faU or slope of the hydraulic grade hne and the velocity of 
flow in the conduit. From the velocity the discharge can readily be 
found by multiplying it by the area of the cross-section. > 

GanguiUet and Kutter^ state: 

The first attempt to discover the law by which the velocity of water 
depends upon the fall and the cross-section of the channel was, according 
to Hagen, made by Brahms (1763), who observed that the acceleration which 
we should expect m accordance with the law of gravity does not take place 
in streams, but that the water in them acquiree a constant velocity. He 
pomts to the friction of the water agamst the wet perimeter as the force 
which opposes the acceleration, and assumes that its resistance is propor¬ 
tional to the mean radius 12, i e , to the area of cross-section divided by the 
wet perimeter. 

* "Flow of Water m Rivers and Other Ohannels,” translated by HeruK and Trautwine 
( 1802 ) 



Velocity, In feet per Second. 
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Letters Show locothon of Traverses 

Fig. 12.—Distnbutioii of velocitieB in 32-mch pipe. ( Baein .) 
From Trans Am. Soo C E , Apnl, 1902, 47, 240 
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Brahms and Chezy (1776) are to be regarded as the authors of the 
known formula 

V = C'V® 

The principle established by Michelotti and Bossut that the h 
governing the flow of water must be estabhshed experimentally, 
Dubuat (1779) to investigate the flow of the Canal du Jard and 
River Haine m France, and of experimental channels. He concluf 
that the force producing flow was the fall or slope of the water surfi 
of” the flowing stream, and that the resistance must be equal to t 
accelerating force, under conditions of uniform flow. 

De Prony concluded ^ 

The particles of water in a vertical Ime m the cross-section of a stre, 
move with different velocities, which diminish from the surface to the botto 

The surface, bottom, and mean velocities stand m a certam relation 
each other, which Dubuat, stiange to say, finds to be independent of 1 
size and form of the cross-section 

A layer of water adheres to the walls of the pipe or channel, and is the 
fore to be regarded as the wall proper which surrounds the flowing ma 
Accordmg to Dubuat’s experiments the adhesive attraction of the wa 
seems to cease at this layer, so that differences in the material of the wa 
produce no perceptible change m the resistance 

The particles of water attract each other mutually, and are themseli 
attracted by the walls of the channel These attractions (resistances) mt 
in general, be expressed by means of two different values, which, howev 
are supposed to be the same nature and comparable with each other. 

The idea that a film of water adhered to the walls of the channel, a. 
that the friction was that of water upon water, and therefore indepen 
ent of the character of the walls, persisted for a considerable period, b 
eventually it was noted by Darcy that the pipes having the smoothc 
interior surface dehvered the greatest quantity of water and th 
indicated the least frictional resistance to the flow. Believing th 
similai* conditions must prevail in flowing streams, he began a senes 
experiments, which were continued after his death by his assistant, t 
famous hydraulic engineer, H. Bazin. These experiments demonstrat 
that the coefficient C in the Chezy formula was not a constant, as hi 
previously been supposed, but varied with the character of the surfa 
with which the water was in contact. 

The various formulas for flow of water in pipes and channels a 
essentially empirical, and all of them apply to steady uniform flow, ai 
consider only the losses due to fnction. 

In general, sewers are designed with the expectation that they w 
flow full only at times of maximum flow. The ordinary condition 

^ QjlM’QUIiJiBT and Ruttub, " Flow of Water in Rivers and Other Channels,” 4, 6. 
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flow is, therefore, that of an op>en channel, in which there is a free water 
surface in contact with air. When flowing full, they are usually under no 
material pressure, except in the case of force mains and inverted siphons. 

The Chezy formula was intended to be applicable either to open 
channels or to pipes under pressure, and is perhaps as satisfactory for 
one case as for the other. The other fonnulaa discussed herein were 
derived and originally applied either for open channels, or for pressure 
pipes; but their use has since been extended, and they may all be used 
with a good degree of satisfaction for open or closed channels such as 
are ordmarUy considered in sewerage work. 

The Chezy Formula.—This is 

V = 

where the coefficient C varies inversely with the smoothness of the wall 
of the channel, directly with R, and inversely with 8 in large streams but 
directly with it in small streams. C varies more rapidly with small 
values of R than with large 

The formula has long been the one most famihar to engineers, and as 
substantially all of the later results of experiments have been applied to 
it, as well as to some other formulas, the limits of its applicability have 
been better established than have those of any other formula for the 
flow of water in pipes, conduits, canals, and rivers. 

The determination of the coefficient C under different conditions has 


received much study from hydraulicians Indeed, several of the most 
widely used formulas are, in effect, the Chezy formula with additional 
terms for determining more readily the value of C. 

The Chezy formula for the case of circular pipes flowing full may also 
be written in another form, which is attributed to Weisbach (see Coxe’s 
translation of Weisbach's "Mechanics,” p. 866). 

' ^D2g 

in which /=the coefficient of friction, which decreases with increase in 
pipe diameter and slightly with velocity of flow. 

These two forms of the Chezy formula have been arranged by Hughes 
and Safford (“Hydrauhcs,” 1911, p 286), as applied to the flow of water 
in pipes, m the following manner' 


» = C(fiS)«,orA/=^ 
For uniform steady flow in circular pipes • 
the mean hydrauhc radius, R = k 

the slope of the hydraulic grade line, 8 = ^ 

L 

1 i* 1 *7r 

the area of the stream, A = - Then: 

4 
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the friction head, h/ = or h/ = 

the mean velocity of flow in feet per second, 

‘'=2(-ir) .•or. = 8 02(^) 

jjp 

the discharge in cubic feet per second, Q = Av = ■ ■ - - 

Q = O.SQ27C(^^^; or Q = 6 

the diameter in feet required to dehver a given discharge, 

Comparison of coefficients C and /, * 

r- 16-04. r - - 257.28 


The Kutter Formula.—Among those who have given study to the 
correct determination of the coefficient C to be used in the Chezy formula 
for the flow of water m pipes, condmts, and channels, were the Swiss 
engineers Ganguillet and Kutter, of Berne. Their results were first 
published in a series of articles in the German technical press They 
were translated into English by L. D’A. Jackson (London, 1876), and 
again by Rudolph Hering and J. C. Trautwine, Jr., in 1892, who pre¬ 
sented them with additions in a volume entitled, "A General Formula 
for the Uniform Flow of Water in Rivers and Other Channels, by E 
Ganguillet and W R Kutter, Translated fiom the German, With 
Numerous Additions including Tables and Diagrams, and the Elements 
of over 1,200 Gagings of Rivers, Small Channels, and Pipes.” 

In its general form, the formula, which is known as Kutter’s, is 



The values a, I, and m are constant and n varies with the degree of 
roughness. Substituting the numencal values found for the constants, 
we have in English measure. 



Values of n in Kutter’s Formula.—For coefficients of roughness, n, 
with their reciprocals, etc., Ganguillet and Kutter suggested the values 
in Table 7. 
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Table 7 — VaiiTTes of n in Kdttbr Formula Recommended by 
Ganguillet and Kuttbr 


1 



1 

n 1 

n 

1. 

Channels lined with carefully planed boards or with 




smooth cement 

0 010 

100 00 

2. 

Channels hned with common boards 

0 012 

83.33 

3. 

Channels hned with ashlar or with neatly jomted 




brickwork 

0 013 

76.91 

4. 

Channels in rubble masonry 

0 017 

58 82 

6. 

Channels m earth, brooks, and rivers 

0 026 

40.00 

6 

Streams with detntus or aquatic plants 

0 030 

33.33 


These values are not sufficient to enable a proper choice to be made, 
and are not altogether consistent with the results of more recent experi¬ 
ments The best modern hst of values of n is that given by Robert 
E. Horton,^ which is reproduced as Table 8, as printed in King’s "Hand¬ 
book of Hydraulics.” 

It will be noted that the table includes values of n for flow in 
pipes of cast iron and other materials. The formula was not devised 
for pipes under pressure, and is not recommended for such use. It 
has been found, however, that it can be used for such cases with a fair 
degree of satisfaction, particularly when the pressure is slight. Its 
use should preferably be limited to open channels, including closed 
conduits or pipes not flowing fuU or under pressure. 

Most of the experimental determmations of the value of n have been 
made on conduits for carrying clean water, and upon irrigation and 
drainage canals and ditches. The results of a very large proportion of 
such experiments may be found in Bulls. 194 and 852 of the U. S. Depart¬ 
ment of Agriculture, by Fred C. Scobey. Attention should also be 
called to Bull 864 on “The Mow of Water in Drain Tile,” by D. L. 
Yarnell and S. M. Woodward, which contains the results of a very 
comprehensive series of experiments on drain tile, 4 in. to 12 in. in 
diameter, with slopes varying from 0.0006 to 0.016, and with depths 
of flow varymg from about one-fourth of the diameter to full. These 
were laboratory experiments earned out with great care, but the results 
with flow at part depth varied considerably. They showed that, in 
general, the value of n was greater when the drain was partly filled than 
when entirely filled, the excess at 0.26 depth bemg roughly from 10 to 
50 per cent; but there were a few cases in which lower values of n for less 
depths of flow were found. 

^Eng. Neva, 1916, 7B, 373, 
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Table 8.—R E Hobton’b Values of n; to Be Used with Kum 

Fobmula 


Surface | 

Best 

1 Good 

1 Fair 

1 ^ 

Unoonted east-iron pipe 

0 012 

0 013 

0 014 

0.0 

Coated oast-iron pipe 

0 on 

0 012> 

0 0131 


Coramereial wrought-iron pipe, black .. 

0 012 

0 013 

0 014 

0.0] 

Commeroial wrought-iron pipe, galvanised 

0 013 

0 014 

0 010 

0 0] 

Smooth brass and glass pipe 

0 000 

0.010 

0 on 

0 0] 

Smooth lookbar and welded “OD" pipe. 

0 010 

0 0111 

0.0131 


Riveted and spiral stool pipe 

0 013 

0 0161 

0 0171 


Vitrified sewer pipe . 

/O 0101 
\0 Oil J 

0.0131 

0 016 

0 c 

Common olay drainage tile 

'o on 

0 0121 

0 0141 

0 c 

Glased brickwork. 

0 on 

0 012 

0 0131 

0 0 

Brick in oomont mortar, brick sowers 

0 012 

0 013 

0 0161 

0 G 

Neat ooment surfaces 

0 010 

0 on 

0 012 

0 0 

Cement-mortar surfaces 

0 on 

0 012 

0 0131 

0 0 

Concrete pipe . . 

0 012 

0 013 

0 0161 

0 0 

Wood-stave pipe 

0 010 

0 on 

0 012 

0 0 

Plank flumes- 

Planed 

0 010 

0 0121 

0 013 ' 

0.0 

Unplanod 

0 on 

0 0131 

0 014 

0 0 

With battens 

0 012 

0 015' 

0 016 


Conoretc-linod cliannels 

0 012 

0 0111 

0 0101 

0 0 

Cement-rubble surface 

0 017 

0 020 

0 025 

0 0 

Dry rubble surface. . 

0 020 

0 030 

0 033 

0 0 

Dressed ashlar surface 

0 013 

0.014 

0 010 

0 0 

Beraicnroular metal flunics, smooth 

0 on 

0 012 

0 013 

0 0 

Semioiroulor metal flumes, corrugated 

0 0220 

0 026 

0 0276 

0 0 

Canals and ditches 

Earth, straight and uniform 

0 017 

0 020 

0 02261 

0.0 

Rook outs, smooth and uniform 

0 026 

0 030 

0 0331 

0.0. 

Rook outs, jagged and irregular 

0 030 

0.040 

0 046 


Winding sluggish oannls 

0 0225 

0 0261 

0 0276 

0 o: 

Dredged earth channels . ... 

0 026 

0.02761 

0 030 

0 a 

Canals with rough atony bods, weeds on earth 

bonks. . 

0 026 

0 030 

0 0301 

0.0- 

Earth bottom, rubble sides. 

0 028 

0.0301 

0 0331 

o.o: 

Natural stream channels 

1 Clean, straight bank, full stage, no rifts or 

deep pools . . 

0 026 

0 0276 

0.030 

o.o: 

2 Same os (1), but some weeds and stones 

0.030 

0 033 

0.030 

0.0- 

3 Winding, some pools and shoals, clean. 

4. Same as (3), lower stages, more ineffective 

0 033 

0.030 

0.040 

0.0- 

slope and sections ... . .... 

0.040 

0 046 

0.060 

0 Of 

6 Same as (3), some weeds and stones 

0 036 

0 040 

0 046 

0 Of 

6 Same 08 (4), atony seotions. .. 

0.046 

0.060 

0.066 

0.0( 

7 Sluggish nver reaches, rather weedy or 

with very deep pools . 

0 060 

0.000 

0.070 

0 0£ 

8 Very woody reaches . 

0 075 

0 100 

0.126 

O.lf 


1 Values ooaimonly used in designing (aooording to Horton; the authors’ reoommendat 
will be found on p 90). 






82 


AMERICAN SEWERAGE PRACTICE 


All of the determinations of the value of n which have been made on 
sewers in use, which have come to the knowledge of the authors, are 
summarized in the following pages. 

Theodore Horton (1901), in an admirable article upon “Flow in 
the Sewers of the North Metropolitan Sewerage System of Massa¬ 
chusetts, gives an account of gagings made in the Metropolitan sewers 
with a current meter. 

The points selected for carrying out these observations were at manholes 
located some distance below the pumpmg stations, where the flow was free 
from any disturbmg mfluence of the pumps. The pomts were about 800 
ft below the stations, m each case, and were far removed from any changes in 
alignment, cross-section, or grade of the sewer. Below the East Boston 
pumpmg station the cross-section of the sewer is a 9-ft. circle of 12-in 
brickwork, cement-washed, with a hydraulic gradient of 1 3,000 Only one 
small local connection enters this stretch of sewer. No changes in grade 
occur within a distance of 7,000 ft. below the pumpmg station. At n point 
2,000 ft below the pumpmg station, there is a change from a circular section 
to a horseshoe section of the same equivalent area This section continues 
for a distance of 2,000 ft. and then returns to a circular section Below 
the Charlestown pumpmg station, the cross-section of the sewer is 6 ft. by 6 
ft 8 m , baskethandle, of 8-m brickwork, cement-washed, with a hydraulic 
gradient of 1.2,000 The cross-section and grade are uniform for a distance 
of about 6,000 ft below the pumpmg station, and no local connections enter 
the sewer withm this distance. 

The results of the test are shown in Table 9 and Fig. 13, 


Table 9.— Values of n in Kutter's Formula, Determined prom 
Gagings op a Cement-washed Brick Trunk Sewer 
(Theodore Horton) 

Series of July, 1896—Charlestown Pumping Station 


No. 

Depth 

Q m cu ft 
per sec 

Mean 

velocity 

Hydraulic 

radius 

C 

n 

I 

1 02 

8 60 

1 99 

0 688 

107 

0.0129 

II 

1 44 

16 69 

2.46 , 

0 958 

112 

0 0131 

III 

1.91 

26 81 

2 82‘ 

1 187 

116 

0.0132 

IV 

2.40 

38 82 

3 13 

1 387 

118 

0 0133 

V 

2 89 

62 90 

3 44 

1 639 

124 

0.0130 


1 Trans Am . Soe C . E , 1001, 46 , 78 
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Tablei 9.—^VALtJBS OF n IN Kuttee’s Foemual, Dbteeminbd feom 
GAQ iNaa OP A Chmbnt-washhd Beick Teunk Shwbe 
^ (Thbodoeb Hoeton) — (Continued) 

Senes of July, 1896—East Boston Pumping Station 


No. 

Depth 

Q in cu ft. 
per sec. 

Mean 

velocity 

Hydraulic 

radius 

C 

n 

I 

1 02 

6 10 

1 68 

0 619 

110 

0 0122 

II 

1 62 

16 67 

2 21 

0 928 

126 

0 0117 

III 

2 04 

29 40 

2 70 

1 208 

134 

0 0116 

IV 

2.46 

42 IS 

3 03 

1 408 

139 

0 0116 

V 

3.16 

69 60 

3 48 

1 830 

141 

0 0117 

VI 

3 76 

94 60 

3 73 

1 999 

145 

0 0116 

VII 

4 62 

138 00 

4 18 

2 309 

160 

0 0116 

Senes of December, 189jr—Charlestown Pumping Station 

I 

2 91 

46 67 

2 97 

1 640 

107 

0 0149 

II 

3 29 

66 14 

3 16 

1 660 

111 

0 0147 

Series of November, 1897—East Boston Pumpmg Station 

I 

2 16 

30 13 

2 66 

1 280 

123 

0 0126 

II 

2.74 

47 76 

2 90 

1 660 

127 

0 0127 

III 

3 19 

62 06 

3 06 

1 762 

126 

0 0129 

rv 

3 20 

64 82 

3 18 

1 771 

131 

0 0126 


Series of 

June, 1900—Charlestown Pumping Station 


I 

2 29 

30 82 

2.66 

1 342 

102 

0 0161 

II 

2 78 

41 39 

2 86 

1 608 

104 

0 0162 

III 

3 26 

62 96 

3 04 

1 646 

106 

0 0162 


Senes of 

April, 1900- 

—East Boston Pumping Station 


I 

1 99 

24 96 

2 38 

1 120 

119 

0 0130 

II 

2 83 

48 26 

2.82 

1 606 

121 

0 0132 

III 

3.64 

76 78 

3.16 

1 962 

124 

0 0133 

IV 

4 IS 

95.84 

3.30 

2 130 

124 

0 0136 

Horton 

concluded, among other things, that the greatest change in 


internal surface of the sewers took place soon after the channels were 
put into operation, the initial coefficient of friction n for use in Kutter’s 
formula being between 0.010 and 0.011, the Charlestown channel 
giving slightly the higher value. In comparing these changes in the 
values of n with the actual condition of the channels, it should be kept 
in mind that: 

The East Boston channel is of 3 ft. greater diameter than the Charles¬ 
town ohannel, that the invert of the East Boston channel is approximately 
8 ft above mean low water, while the Charlestown channel is 4 ft. below 
mean low water, and that the East Boston channel receives relatively less 
storm water than the Charlestown channel, and is, consequently, subject 
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to less fluctuation of water surface. The importance of this last influence 
IS evident from the fact that the deposit of both grease and orgamc growth 
appeared m greater abundance on the sides of the channels, and was greatest 
near the hne of average flow. On the bottom of the channel there was 
practically no deposit, resultmg, no doubt, from the scourmg action of sand 
and other heavy particles transported along the invert by the sewage. This 
last feature is by no means novel, and has frequently been observed, though 
to a less extent, m water-supply conduits. 

The effect of the density of the sewage upon the carrying capacity of 
these channels appears to be shght, in view of the fact that the observations 
were made under aU the varying conditions of storm and dry-weather flow. 
The possible effect of cleamng or scrapmg, however, might be much greater, 
but, at this date, no cleamng of any sort has taken place m these channels. 

The Bureau of Surveys of Philadelphia, Pa. (1909) had a series of 
observations made, of the values of the coefficsient of roughness, n, of 
certain of the large sewers in that city, with the following result: 


n 

Old sewers, brick bottom, not clean. 0.017 

Old sewers, stone-block bottom, clean. 0.017 

New sewers, stone-block bottom, clean. 0 016 

New sewers, bnck bottom, clean . . . 0.016 

Concrete or bnck sewer, vitnfied-ahale bnck mvert, clean 0 012 to 0 013 
Concrete sewers, granohthic-finished bottom . 0 011 

Open channel box, planed planks . 0 011 

Old sewers, bad or dirty bottoms . 0 017 to 0 020 


T. Chalkley Hatton reported the results of exiperiments on the flow 
of water in two 24-in. sewers built with 3-ft. lengths of pipe and with 
cement joints, at Carlisle, Pa. Experiments on a section 4,660 ft. 
long having a grade of 0.077 per cent, and having bends at five man¬ 
holes, yith depths of water of 6 and 12 in., gave n = 0 0128 and n = 
0.0112, respectively. One experiment on another section 2,096 ft. 
long and having one bend at a manhole and a grade of 0.04 per cent, 
gave with a depth of 12 in. n = 0.0111, as computed by the authors 
from Hatton’s data. 

Alexander Potter reported that for vitrified pipe and small brick 
sewers the coefficient of roughness ranged from 0.013 to 0.0146, and the 
value of 0.014 represented average conditions of roughness and depth 
of flow found in practice, as shown by the results of observations made 
on the joint trunk sewer system in northeastern New Jersey, where the 
contributing flows from various municipalities are measured by 13 
automatic gages keeping a continuous record of the depth of the 
discharge. Once a week the charts are taken out and new blanks substi¬ 
tuted, and as a check on the readmgs of each chart the operator deter¬ 
mines the actual depth of flow and, by means of floats, the velocity of 
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the sewage at that point. The average results of 60 to 60 observations 
made in 1906 to 1909, inclusive, on sewers built in 1903, are given in 
Table 10. 


Table 10.—Mbasuhbd and Computed Velocities and Their Percentage 

Ratio (Potter) 

tn.v , measured velocity, feet per second; c v , computed velocity; p r , 

percentage ratio 


Ratio of depth of flow to 
dlaiiiotcr 

0 20 

0 30 

0 40 

0 60 

0 eo 

0 70 

Gago No 60 

[ mv 



3 

18 

3 

45 

3 65 

3 

84 

42-ln brick aowor . 




8 

08 

3 

40 

8 77 

8 

08 

0.13 % grade . 

Ipr 



108 

2 

08 

0 

00 8 

06 

5 

Gage No 53K 

1 mv 


2 30 

2 

70 

2 

02 

3 20 

8 

36 

20-in pipe Bowor 

■lev. 


2 20 

2 

on 

3 

05 

8 30 

3 

48 

0 28 % grade 


, pr 


107 2 

100 

5 

06 

7 

07 0 

06 

6 

Gage No 4>^ 


m v 



4 

28 

4 

81 

6 20 

6 

64 

22-ln pipe eower 


c V 



4 27 

4 

86 

6 24 

5 

63 

0 6 % grade 


.pr 



00 

1 

00.2 

00 2 

100 

2 

Gage No. 36. 


m V 


2 18 

2 

60 

2 

73 

2 00 



24-in pipe BOwen: , 

■ 

O.fl 


1 oe 

2 

40 

2 

72 

2 04 



0 18 % grade ^ 


, P'' 


111 3 

104 

2 

100.4 

98.7 



Gage No 72. , * 


m % 

1 78 

2 06 

2 

68 






22-in pipe sewer., 


C V 

1 02 

2 08 

2 

66 






0.22 % erado . . ] 

.pr. 

100.8 

00.7 

08 

1 







Poroontago ratio of 100 oorroaponda to n °° 0 013 
Peroontago ratio of 100 oorroaponda to n •» 0.014 
Poroontago ratio of 02 oorroaponda to n »■ 0.015 


Vitrified pipe sewers in Cambridge, Mass., part of the Metropolitan 
Sewerage Works, tested by the authors in 1923, had the characteristics 
shown in the following table: 


Table 11 —Values op n in 16- and 18-xn. Pipe Sewers at Cambridge, 

Mass 


Diameter, 

inolioB 

Length, 

foot 

Propor¬ 
tional 
depth 
of flow 

R. 

feet 

Slope 

Velocity, 
feet per 
second 

Chezy 

C 

16 

2,450 

0 476 

0 302 

0 000016 

1 64 

00 

18 

1,886 

0 646 

0 300 

0 000844 

1 66 

01 


Kuttor 

n 


0.0121 

0.0186 


Velocities were measured by observing the time of passage of eosine 
dye. Both sewers are on uniform grades, and the deflections in align¬ 
ment are inconsiderable. There are no branches on either line. There 
are 19 intermediate manholes on the 16-in. sewer, and 9 on the 18-in. 
sewer, with benches at about the elevation of the center of the pipe; 
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consequently, they caused some slight disturbance of the flow in the 18- 
m. sewer, where the depth of flow was above the center, and none in the 
15-in. sewer where the depth was below the center. Both sewers were 
in good condition, but neither had been cleaned for several months, 
and the 15-m pipe was noticeably cleaner than the IS-in. There was a 
barely perceptible current of an- in the direction of flow in both pipes 
S. M. Cotten^ reported experiments on flow in the main outlet sewers 
of Phoemx, Anzona, consisting of vitnfied clay pipes 24, 30, and 30 in. m 
diameter Velocities were measured by timing the passage of a plunger 
float, which nearly flUed the sewer. The principal data relating to the 
tests (includmg information obtained from Mr. Gotten, not given in the 
published paper) are as follows: 

TabIiB 12 — Valuhs or n in 24^, 30-, and 36-in Pipe Sewers at Phoendc, 

Amz 


Diameter, 

Length, 

Proportional 

Velocity, feet 

Kutter, 

mches 

feet 

depth of flow 

per second 

n 

24 

1,000 

0 455 

2 74 

0 0111 

30 

2,693 

0 365 

2 39 

0 0117 

86 

1,173 

0 460 

2 00 

0 0125 


These sewei-s ai’e straight and on umforni slopes There are no 
branches or other causes of disturbance in flow, and conditions were 
good for minimum values of n. 

H. D. Silliman^ in a letter describing sewer gagings at Seattle, Wash., 
said: 

The runmng time . . . was calculated by usmg Kuttor’s constants, n = 
0 013 for pipe sewers and n = 0.016 for brick sewers . . In all the veloc¬ 
ity measurements that I have made, I have not found an old sowor iihat had 
more than 90 per cent of its calculated velocity using the foregoing constants. 
Some ran as low as 76 per cent of the calculated velocity. 

If 86 per cent of the computed velocity with n = 0.013 lie taken as a 
fair representation of the average observed velocity in pipe sowers, this 
would agree with the result obtained (m the cose of a 12-in. pipe) by 
usmg n = 0.015. That is to say, Mr. Sitliman’s tests indicate that the 
observed velocities were roughly in accord with w => 0.016 for pipe 
sewers. 

S. T. Weller^ describes gagings of flow in the four main outlet sowers 
of Denver, Colo , which were made by current meter at times when the 

^ Eng News Reo , 1922, 6B, 837 

3 Eng Newa, 1916; 74 , 1098. 

^ Eng News Beo,, 1928; 100, 567. 
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sewage was practically clear water. Three of these sewers are of brick, 
the fourth of vitrified pipe The values found for n are as follows: 


Sewer 

Material 

Size, in 

High 

1 Low 

Average 

Delgany St 

Brick 

77 

0 0134 

0 0131 

0 0133 

South and West Side 

Brick 

70 

0 1030 

0 0102 

0 0103 

East Side 

Bnck 

38 

0 0136 

0 0131 

0 0133 

Berkeley 

Vit pipe 

21 

0 0166 

0 0162 

0 0166 


Keefer and Regcster,^ experimenting on flow in a 42-in. cast iron sewage 
force main at Baltimore, in use for 16 years, found values of n rangmg 
from 0 0139 to 0 0144, based upon the nominal diameter, although the 
actual diameter was about 2 inches less owing to the accumulation of a 
layer of slime and grease The values of Ch m the Hazen and Williams 
formula were from 102 to 104. 

Brooklyn, N. Y —Current meter measurements of dry weather flow 
in a combined sewer were made in order to determine the value of n 
to be used in gagmgs of storm water flow based upon records of water 
stage at two points The sewer is of brick, with egg-shaped section 3.9 
by 6 6 ft., and the average value of n for the portion of the invert 
covered by the dry weather flow was found to be 0 016.® 

Effect of Variation in Assumed Value of n.—Ernest W. Schoder® 
called attention to the fact that the percentage error resulting from a 
wrong assumption as to the value of the coefficient of roughness n can 
readUy be approximately determined for the Kutter formula m spite of 
the apparently comphcated nature of its coefficients. Broadly speak¬ 
ing, the following relations hold: 

1. The slope S varies as almost exactly for aU values of the 
hydraulic radius R greater than 1 ft. 

2. The velocity v varies inversely as n, exactly for R = about 2 ft., 
and approximately for other values. 

Corresponding to these relations, we may state that a certain per¬ 
centage of uncertainty in the value of n produces 

1. Double that percentage of uncertainty in the slope necessary for a 
Qxed discharge. 

2. The same percentage of uncertainty, but in opposite direction, in 
ihe velocity of discharge resulting from a fixed slope, if the slope ip 
iBsumed to be greater than 0.0001. 

1 Eng News Ree , 1028, 100, 860 

^Public WorhB, 1927, SB, 430 

* Eng News, 1012, 68, 361. 
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As an illustration of the convenience of this knowledge, suppose that 
in designing a canal, it is uncertain what value in the range between 
0.017 and 0 020 to choose for n This is an 
KW uncertainty of about 8 per cent either way from 

15 /the mean value and represents a probable 

gj ' occurrence in practice. We can state at once 

so *^1*''* uncertainty in discharge as caused by 

40 concerning n will be about 8 per cent 

.ajjd in required slope, about 10 per cent. 

I; ^__ The diagram prepared by Schodor is given in 

If Fig. 14, reference may also be made to diagrams 
/ 6 and 15 of Swan and Horton's ‘'Ilydiaulic 

*6 '■* Diagrams,” First Ed. 

3 1 0 ' Figure 14 shows that, for R = 2.0, the veloc- 

1 ity (or discharge) will bo l.OS times as much 

OT — for ^ ^ ^ “ -015; and 1.34 times as 

0£ much for n = 010 as for n ■= .013 (since 1 45 -f- 

^/! 1.08 = 1 34). Other comparisons may be made 

_in a similar way. 

ot/ '* Table 13, which gives the mean percentage 

I a I is relation between the velocities or discjliarges for 

SSoooSo o o o o various values of n, will also be of service for 

Kutter’sCoefficJent, n. approximate comparison. This table has been 

Fig. 14 —Relation be- computed by averaging the percentage relations 
tween Kutter’s n and . i i 

corresponding slopoB Qjid coinputGQ for slopes of 0.0001, 0 001, find 0 01, 

velocities and hydraulic radii of 0.2, O.G, 1.0, 2.0, 

and 4.0. 


qooifo o o 5 o b q 
ooooooo o o o o 

Kutter’s CoeffieJent, n. 

Fig. 14 —Relation be¬ 
tween Kutter’s n and 
corresponding slopes and 
velocities 


Table 13— Conversion Factors pok Varyino Values op n 


Revised 

Per cent of Q or v for ongiiiiil value of ?i 

E3 

value of n 

0 016 

0 013 

0 012 

0.011 

0.0090 

179 

162 

140 

120 

0 0100 

169 

136 

124 

112 

0 0110 

142 

121 

111 

100 

0 0120 

128 

109 

100 

90 

0 0130 

118 

100 

02 

83 

0 0140 

108 

92 

84 

70 

0 0160 

100 

86 

78 

70 

0 0160 

93 

79 

73 

06 

0 0170 

87 

74 

68 

01 

0 0180 

81 

69 

63 

67 

0 0190 

77 

66 

60 

64 

0 0200 

72 

' 61 

66 

60 
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As an example, a sewer was designed using n = 0.013. Later data 
indicated that a value of n = 0.012 was more suitable. In column 3, 
opposite the value 0.012 in column 1, we find that the revised discharge 
is 109 per cent of the discharge as originally computed. 

Limitations of Kutter’s Formula.—Being essentially an empirical 
formula, baaed upon actual gagings, it is of importance to remember the 
limits within which observations have been made and further to remem¬ 
ber that while velocity varies approximately as the square root of the 
head for velocities correspondmg to the ordinary conditions of flow, 
it vanes more nearly directly as the head for extremely low velocities. 
Within the ordinary velocity limits of from 1 to 6 ft. per second, the 
formula finds its best application. It is fairly reliable up to 10 ft. per 
second velocity. For special cases, which may be outside of the range of 
the formula such as 20 ft. per second or higher velocity, the engineer 
should refer to the original data, pubhshed in Hering and Trautwine’s 
translation of GanguUlet and Kutter’s work, and that of other writers 
upon hydraulics since that time. 

Hughes and Bafford^ have summed up the application of this formula 
man excellent manner as follows: 

There is a wide range in the magnitude of the streams on which this 
formula is based (from hydrauhc radii of 0 28 to 74.4 ft); but a study of 
the data on which the formula is based, as given m the authors' book, has 
led to the followmg conclusions: 

That, for hydrauhc radu greater than 10 ft, or velocities higher than 10 
ft. per second, or slopes flatter than 1 m 10,000, the formula should be used 
with great caution For hydraulic radii greater than 20 ft, or velocities 
higher than 20 ft per second, but httle confidence can be placed in results 

That, considermg the variable accuracy of the data on which the formula 
is based, results should not be expected to be consistently accurate within 
less than about 6 per cent 

That, for any slope steeper than 0.001 the values of C computed for S = 
0.001 may be used with errors less than the probable error m the ordinary 
use of Kutter’s formula. 

That between slopes of 0.001 and 0.0004 the maximum variation (at the 
extreme values of n and R) m C ia about 4 per cent; for such values as fall 
withm the range of ordinary practice, the maximum variation is but 2 per 
cent. 

That between slopes of 0.0004 and 0.0002 the maximum variation is 
about 6 per cent, but for such values as fall within the range of ordinary 
practice the maximum is less than 3 per cent. 

That for higher values of S the divergence in the values of C increases; but 
the occasions when slopes flatter than 0 0004 are to be considered m design 
are not common, and when they do occur they are usually for structures of 
such high character that they warrant special study and some basis in addi¬ 
tion to a general empirical coeflBlcient. And considering that a degree of 

1 “Hydraulios," Fust Edition, 843. 
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precision of 0.001 is rarely exceeded in leveling for ordinary construction 
work, and that in picking out the value of n, a variation of 0 001 for small 
values of n and R may change the value of (7 as much as 17 per cent, and for 
moderate values as much as 6 to 8 per cent, it should be obvious that hair- 
sphttmg calculations with the Kutter formula are a needless waste of time, 
producing merely mechanical accuracy mstead of a high degree of precision 

Suggested Values of n for Sewer Design.—In view of the facts cited, 
the authors suggest the following as reasonable values for tlie coefficient 
of roughness n in Kutter’s formula to be used in the design of sewer 
pipes, conduits, and channels, to he mainiained in reasonably good operat¬ 
ing condition. 


n 

For pipe sewers 24 in or less in size. . . . .. 0 016 

For concrete sewers of large section and best work . 0 012 

For concrete sewers under good ordinary conditions of work 0 013 
For bnck sewers Imed with vitrified or reasonably smooth 
hard-burned bnck and laid with great care, with close 


joints . . 0.014 

For bnck sewers, under ordmary conditions. 0.016 

For brick sewers, rough work . . 0 017 to 0.020 


The value n = 0.013 for vitrified pipe sewers has probably been used 
in design more than any other. While this is a reasonable value to 
represent the effect of friction in the pipes, the practical nece.ssity of 
including in the value of n the effect of other mfluences, especially 
manholes, branches and changes of direction, makes it desirable 
to use n = 0.015 to ensure the desired capacity. The considerable 
losses which may occur at manholes make it particularly advantageous 
to place the bench at the elevation of the crown, rather than at the center 
of the sewer. The possible retordmg effect of currents of air in sewors 
partly filled must also be borne in mind. 

In the case of the larger sewers of concrete or lirick, manholes do not 
often involve enlargements of cross-section, branches aro likely to enter 
nearly tangentially, and other disturbing infiiiences aro smaller proiior- 
tionally than in the case of pipe sewers, and an increa.se in the value of 
n to cover their effect is seldom necessary. 

Solution of the Kutter Formula.—The complexity of the formula 
makes its arithmetical solution difficult, but tables and diagrams have 
been prepared by which results can easily be obtained. Tables giving 
the value of C corresponding to various values of S, R, and n, and cover¬ 
ing a range beyond any likely to be experienced iii ordinary sewerage 
work, may be found in King’s "Handbook of Hydraulics” and most of 
the engmeer’s pocketbooks. 

The Kutter formula is most readily used by moans of diagrams. 
For many years these were collections of curves plotted on ordinary 
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crossH 3 ection paper. The advantages of logarithmic papor for plotting 
such formulas gradually became recognized, and in 1001 Jolm II. 
Gregory prepared the diagi'ams shown in Figs. 16 to 20, which arc 
part of a series of labor-saving chaids devised by him at that time. 
The logarithmic method of plotting has been used by tho aiithors in 
constructmg Figs. 21, 22, and 23, in which the arrangement adopted 
results m a more open diagram than those of Professor Gregory. 

These diagrams have been prepared especially for sewer design, anti 
enable most computations of sewor flow to be readily solved. Th('y 
are not suited for the general solution of Kutter's formula. For this, 
such a diagiam as that shown in Fig. 24, prepared by Prod C Scoboy, 
Senior Irrigation Engineer of tho U. S. Department of Agriculture, ^ anti 
somewhat extended by him from one published in Bull. 852 of tho Depart¬ 
ment, will be found advantageous; or ai’ithniotioal computation can bo 
made with the aid of tables. 

Dotted lines on the diagram show the method of use for one problem. 
It will be noted that the “guide lines,” which are straight throughout tho 
greater part of the chart, split into two curves for values of S loss than 
about 0 0003; these curves have been drawn for n = 0.012 and n = 
0 030 respectively, and mterpolation can be made by eye for inter¬ 
mediate values of n. 

The areas and hydraulic radii of circidar and ogg-slinped socition.s 
partly filled are given in Tables 14, 15, and 16. Those data arc shown 
graphically for these and other shapes of section, as well ms tho vcdocity 
and discharge at various depths for certain slopes and values of n, in 
the diagrams in Chap III. 


Table 14—Areas of Circular Sections Partly Filled 

Hughes and Safford’s “HydrauUcs” 

Faotors by whioh to multiply to obtnlii nrua 
Ratio of depth _ 

to dlaiiieter I I I I I I I I I 

0 00 0 01 0 OZ 0 03 0.04 0.00 0.00 0.07 O.OS 0 01) 


0 0 0 0000 0 0013 0.0037 0 0000 0 0100 U.0M7 0.0102 0.0212 0.020-1 0.0350 

0 1 0 0400 0 0470 0 0034 0 0000 0 0608 0.0730 0 OKU 0.0885 0.0001 0. lOOO 

0 2 0 1118 0 1100 0 12810 130C 0.14-10 0 1535 0 1023 0 17110.1800 0.181)0 

0 3 0 1082 0.2074 0.2107 0 2200 0 2366 0 2-160 0.26-15 0 20-12 0.27311 0.2830 

0.4 0 2034 0 3032 0.3130 0.3220 0.3328 0.3428 0.3627 0.3027 0.3727 0.3827 

0 6 0.80270.4027 0 4127 0.4227 0,4327 0.4420 0.4620 0.4025 0.-172-1 0.4822 

0 6 0.4020 0 6018 0 6116 0 0212 0.6308 0.6404 0.6400 0,6604 0.5087 0.6780 

0 7 0.6872 0 6064 0 0064 0 6143 0.0231 0.0310 0 6406 0 0180 0 0673 0.0066 

0 8 0 6736 0 6816 0 6803 0.6000 0 7043 0 7116 0 7180 0 7254 0 7320 0.7381 

0 0 0 7446 0 7604 0.7660 0 7612 0 7062 0 7707 0 7740 0 7786 0 7810 0.7841 

1 0 0.7864 

^ Por pcrmiasion to reproduce this diagram tho authors aro Indobtod to tliu Dlvlnlon of 
Agrioultural Engineoring, U. S Deportment of Agrioulturo iind to Mr Scoboy It won hrsii 
printed m its orosent form in Creager and Justin's " Hydrooleetric- Ilnndbook," 1027, 
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Table 16. —Hydraulic Mean Radii of Circular Sections Partly 

Filled 

Hughes and Safford’s “Hydraulics” 


Ratio of depth 
to diameter 

0 00 


Factor by which to multiply D to obtain R 


0 01 0 02 0 03 0 04 0 06 


0 06 0 07 0 08 


0 00 


0 0 0 OOOO'O 0066'O 

0 1 0 0636 0 0666 0 

0 2 0 1206 0 1260 0 

03 0 1700 0 1766 0 

0 4 0 2142 0 2181 0 


0132 0 0167 0 0262 0 0326 0 
0765 0 0813 0 0871 0 0020 0 
1312 0 1364 0 1416 0 1466 0 
1802 0 1847 0 1861 0 1636 0 
2220 0 2268 0 2266 0 2331 0 


0386 0 0461 0 0613 0 0676 
0686 0 1042 0 1067 0 1162 
1616 0 1666 0 1614 0 1662 
1078 0 2020 0 2062 0 2102 
2366 0 2401 0 2436 0 2468 


0 6 0 2600 0 2631 0 

0 6 0 2776 0 2700 0 

0 7 0 2062 0 2076 0 

0 8 0 3042 0.3043 0 

0 6 0 2680 0.2063 0 

1 0 0 2600 


2662 0 2662 0 2621 0 2640 0 
2821 0 2842 0 2862 0 2881 0 
2087 0 2008 0 3008 0 3017 0 
3043 0 3041 0 3038 0 3033 0 
2644 0 2021 0 2866 0 2866 0 


2676 0 2703 0 2728 0 2763 
2000 0 2617 0 2033 0 2048 
3024 0 3031 0 3036 0 3036 
3026 0 3018 0 3007 0 2066 
2820 0 2787 0 2736 0 2666 


Table 16 —Elements op Egg-shaped Section for Various Depths of 

Flow 

For section m which width = % of height, and radius of invert = width 


Ratio of 

Area = 

Wetted perim¬ 

Hydraulic radius 

depth to 

(width) “ X 

eter = Width X 

= width X fac¬ 

height 

factor below 

factor below 

tor below 

0 033 

0 0102 

0 332 

0 0318 

0 067 

0 0280 

0 464 

0 0603 

0 100 

0 0496 

0 680 

0 0855 

0 133 

0 0734 

0 686 

0 1071 

0 167 

0.0982 

0 786 

0 1250 

0 200 

0 1347 

0 937 

0 1437 

0.222 

0 1661 

1.012 

0.1632 

0 260 

0 1862 

1 106 

0 1685 

0 267 

0.2049 

1 169 

0.1768 

0.333 

0 2840 

1 376 

0 2066 

0 400 

0 377 

1 683 

0 238 

0 600 

0.6091 

1 892 

0 269 

0 600 

0 666 

2 195 

0 298 

0 667 

0 7668 

2 394 

0 3157 

0 700 

0 8067 

2.494 

0.322 

0 760 

0 8796 

2 646 

0 3325 

0.800 

0.9603 

2 806 

0.338 

0 900 

1 0746 

3 170 

0 339 

1.000 

1 1486 

3 966 

0 2897 
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Simplified Kutter Formula.—Prof. H. E. Babbitt^ has oalled attention 
to the fact that the omission of the term 0.0028 /jS in the Kutter formula 
will generally cause no greater differences in results, as compared with 
the complete formula, than those accompanying a difference of 0.001 
in the value of n. This modification is, therefore, justified in some cases, 
and the work of computation may be greatly reduced, as compared with 
that required for the original formula 
Manning Formula.—Robert Manning^* published a new and simpler 
formula for flow in open channels, in which the value of (7 m the Chezy 
formula is 

n 

This form was adopted in order to use the same values of n as in Kutter's 
formula 

The Manmng formula may also be written 

t) = 

in which 


n 

An extensive comparison of values of n, computed by the Kutter 
and Manning formulas from the results of experiments, was made by 
King,® from wliich he concludes that 

. the agreement between Manning’s n and Kutter’s n is most remark¬ 
able, and the two formulas give results agreemg well withm the 

limits of uncertainty which must exist m selecting the proper value of n, for 
all working conditions. 

He also gives a table, here reproduced as Table 17, containing the com¬ 
puted values of Kutter’s n and Manning’s n* for identical values of C 
in the Chezy formula, which shows how closely they agree within the 
range of ordinary experience It should be noted, however, that the 
differences are most marked when the values of R are small, and conse¬ 
quently the divergence between the results of the Manning and Kutter 
formulas would be more marked in the case of small than of large sewers, 
if identical values of n were used. In such a case, the use of the Kutter 
formula would result in the larger size of sewer 

1 In Eng Contr , 1022, 67, 128. 

^ Trans Inst. Civil Eng, Ireland, 1800 

® "Handbook of Hydraullas," Ilrst Hd., pp. 107 and 200 

^ And oIbo of a similar factor in tho Bazin formula, reforrod to herolnafter. 
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Table 17. —Comparison op Cohppioibnts op Roughness in Kutter’s, 
Manning’s and Basin’s Formulas 
King’s “Handbook of Hydraulics” 


n, Kutter’d formula 


Hy- 

c. 

Cheay 

formula 







^1 

m, 

draulio 

SZOOOO 0 
= ff 






Man¬ 

Baein's 

radiua 
72, feet 

S = 

0 00005 

5 = 

0 0001 

S = 

0 0002 

S = 

0 0004 

S = 

0 001 

S = 

0 01 

ning's 

formula 

formula 

0 1 

10 

0 040 

0 042 0 044 

0 046 

0 047 

0 040 

0 060 

0 101 

4 07 


15 

0 028 

0 032 0 034 

0 036 

0 037 

0 038 

0 030 

0 007 

3 01 


20 

0 022 

0 026 0 027 

0 028 

0 020 

0 031 

0 032 

0 061 

2 18 


30 

0 016 

0 018 0 020 

0 022 

0 022 

0 023 

0 023 

0 034 

1 34 


40 

0 013 

0 016 0 016 

0 017 

0 018 

0 010 

0 010 

0 026 

0 030 


60 

0 011 

0 012 0 014 

0 016 

0 016 

0 010 

0 016 

0 020 

0 081 


76 


0 000 0 010 

0 on 

0 on 

0 012 

0 012 

0 014 

0 348 


100 



0 000 

0 000 

0 010 

0 010 

0 010 

0 182 

0 2 

16 

0 037 

0 040 0 041 

0 042 

0 042 

0 043 

0 014 

0 076 

4 26 


20 

0 020 

0 032 0 034 

0 036 

0 037 

0 038 

0 030 

0 067 

3 08 


30 

0 021 

0 023 0 024 

0 026 

0 027 

0 028 

0 028 

0 038 

1 00 


40 

0 017 

0 018 0 020 

0 021 

0 022 

0 022 

0 023 

0 028 

1 31 


60 

0 014 

0 016 0 017 

0 018 

0 018 

0 010 

0 010 

0 023 

0 063 


76 

0 010 

0 on 0 012 

0 013 

0 013 

0 014 

0 014 

0 016 

0 402 


100 


0 000 0 010 

0 010 

0 on 

0 on 

0 on 

0 on 

0 268 


126 



0 000 

0 000 

0.000 

0 000 

0 000 

0 117 

0 4 

20 

0 038 

0 040 0 042 

0 045 

0 046 

0 046 

0 040 

0 064 

4 36 


30 

0 027 

0 020 0 030 

0 032 

0 032 

0 033 

0 034 

0 043 

2 60 


40 

0 021 

0 022 0 024 

0 026 

0 026 

0 026 

0 027 

0 032 

1 86 


60 

0 017 

0 010 0 020 

0 021 

0 022 

0 022 

0 023 

0 020 

1 30 


76 

0 012 

0 013 0 016 

0 016 

0 016 

0 010 

0 010 

0 017 

0 006 


100 

0 010 

0 on 0 0116 

0 012 

0 012 

0 013 

0 013 

0 013 

0 364 


126 


0 000 0 010 

0 010 

0 010 

0 010 

0 on 

0 010 

0 106 


160 



0.000 

0 000 

0 000 

0 000 

0 000 

0.032 

0 e 

30 

0 031 

0 033 0 036 

0 030 

0 030 

0 037 

0 038 

0 046 

3 20 


40 

0 024 

0 026 0 027 

0 028 

0.020 

0 030 

0 030 

0 031 

2 28 


60 

0 020 

0 021 0 023 

0 024 

0 024 

0 024 

0 026 

0.027 

1 67 


76 

0 014 

0 016 0 010 

0 017 

0 017 

0 017 

0 017 

0 018 

0 863 


100 

0 on 

0 012 0 013 

0 013 

0 013 

0.013 

0 014 

0.011 

0.440 


126 

0 000 

0 010 0 010 

0 on 

0 on 

0 on 

0 on 

0 on 

0.202 


160 


0 000 

0 000 

0 000 

0 000 

0 000 

0 000 

0.030 

0 S 

30 

0 036 

0 036 0 038 

0 030 

6 040 

0.040 

0 041 

0 048 

3 80 


40 

0 027 

0 028 0 030 

0 031 

0 031 

0 031 

0 032 

0 030 

2 03 


60 

0 022 

0 023 0 024 

0 026 

0 020 

0 026 

0 020 

0 020 

1 03 


76 

0 016 

0.017 0 017 

0 017 

0 018 

0 018 

0 018 

0 010 

0 086 


100 

0 012 

0 013 0 013 

0 013 

0.014 

0 014 

0 014 

0 014 

0.616 


126 

0 010 

0 010 0 on 

0 on 

0 012 

0 012 

0 012 

0 0116 

0 233 


160 


0.000 0 000 

0.010 

0 010 

0.010 

0 010 

0 010 

0 046 

1.0 

30 

0 037 

0 030 0.041 

0 042 

0 042 

0 043 

0 043 

0 060 

4 26 


40 

0 020 

0 030 0 031 

0 033 

0 033 

0 034 

0 034 

0.037 

2 04 
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Tablh 17 —Comparison op Cohppioihints op Rouqhnhsb in Kutthr’b, 
Manning’s, and Bazin’s Formulas— {Continued) 


Hy- 

drauliQ C, 
radius Chezy ^ 
R, formula n g 
foot BQ § 

o 



n, Kutter's formula 



" o 

CQ O 


n, 

Man¬ 

ning's 

formula 


m, 

Bazin's 

formula 


60 

0 

024 

0 026 0 020 

0 027 

0 

027 

0 

028 

0 

028 

0 

030 

2 

16 

76 

0 

010 

0 017 0 018 

0 

010 

0 

010 

0 019 

0 

019 

0 020 

1. 

.10 

100 

0 

013 

0 014 0 014 

0 

014 

0 

016 

0 016 

0 016 

0 

016 

0 

670 

126 

0 

010 

0 on 0 012 

0 012 

0 

012 

0 012 

0 

012 

0 012 

0.201 

160 

0 

000 

0 009 0 010 

0 

010 

0 

010 

0 

010 

0 

010 

0 

010 

0. 

.060 

30 

0 

043 

0 044 0 046 

0 

046 

0 

047 

0 

047 

0 

048 

0 063 

6 

20 

40 

0 034 

0 036 0 036 

0 

037 

0 037 

0 

037 

0 

037 

0 

040 

3 

60 

60 

0 

027 

0 020 0 029 

0 

030 

0 

030 

0 

030 

0 

031 

0 

032 

2 

63 

76 

0 

010 

0 020 0 020 

0 

020 

0 

021 

0 

021 

0 

022 

0 

021 

1 

36 

100 

0 

014 

0 015 0 016 

0 

016 

0 

016 

0 

016 

0 

016 

0 

016 

0 

706 

125 

0 

012 

0 012 0 012 

0 013 

0 

013 

0 

013 

0 

013 

0 

013 

0 

310 

160 

0 

010 

0 010 0 on 

0 

on 

0 

on 

0 on 

0 

on 

0 

on 

0 

061 

40 

0 

037 

0 038 0 030 

0 

040 

0 

040 

0 

040 

0 

040 

0 

042 

4 

16 

60 

0 030 

0 031 0 032 

0 032 

0. 

,032 

0 

033 

0 

033 

0 

033 

3 

04 

75 

0 

021 

0 022 0 022 

0 

022 

0 

022 

0 

022 

0 

022 

0 022 

1 

66 

100 

0 

010 

0 016 0 016 

0 

017 

0 

017 

0 

017 

0 

017 

0 

017 

0 

814 

126 

0 

013 

0 013 0 013 

0 013 

0 

013 

0 

013 

0 

013 

0 013 

0 

300 

160 

0 

oil 

0 on 0 on 

0 

on 

0 

on 

0 

on 

0 

on 

0 

on 

0 

071 

176 

0 

000 

0 000 0 010 

0 

010 

0 010 

0 010 

0 010 

0 

010 

-0 

114 

40 

0 

043 

0 043 0 044 

0 

044 

0 

044 

0 

044 

0 

044 

0 

046 

6 

00 

60 

0 

036 

0 036 0 036 

0 036 

0 

036 

0 

030 

0, 

,036 

0 

036 

3 

73 

76 

0 

024 

0 024 0 024 

0.024 

0 

024 

0 

024 

0 

024 

0 

024 

1 

01 

100 

0 

OIS 

0 018 0 018 

0 

018 

0 

018 

0 

018 

0 

018 

0 018 

0 

098 

126 

0 014 

0 014 0 014 

0 014 

0 

014 

0 

014 

0 

014 

0 

014 

0 

462 

160 

0 012 

0 012 0 012 

0 

012 

0 

012 

0 

012 

0 

012 

0 

012 

0 

087 

176 

0 

010 

0 010 0 010 

0 

010 

0 

010 

0 

010 

0 010 

0 

010 

-0. 

173 

60 

0 

030 

0 030 0 030 

0 

030 

0 

030 

0 039 

0 

039 

0 

037 

4 

30 

75 

0 

026 

0 026 0 026 

0 

026 

0 

026 

0 

025 

0 

026 

0 026 

2 

20 

100 

0 010 

0 019 0 010 

0 010 

0 010 

0 

010 

0 

010 

0 

010 

1 

16 

126 

0 

016 

0 016 0 016 

0 

016 

0 

016 

0 

016 

0 

016 

0 016 

0 

522 

160 

0 013 

0 013 0 012 

0 012 

0 

012 

0 

012 

0 

012 

0 

012 

0 

100 

176 

0 

Oil 

0 on 0.011 

0 

on 

0 

on 

0 

on 

0 

on 

0 

on 

-0 

200 

200 

0 

000 

0 001) 0 000 

0 

000 

0 

000 

0 

000 

0 

009 

0 

000 

-0 424 

60 

0 

0-16 

0 046 0.044 

0 

043 

0 

042 

0 

041 

0 

041 

0 040 

6 27 

76 

0 030 

0 020 0 020 

0 

028 

0 

027 

0 027 

0 

027 

0 

027 

2 

70 

100 

0 

022 

0 021 0 021 

0 

020 

0 

020 

0 

020 

0 

020 

0 

020 

1 

41 

126 

0 017 

0 017 0 016 

0 016 

0 016 

0 

016 

0 

016 

0 

016 

0 

630 

160 

0 

014 

0 014 0 013 

0 013 

0 

013 

0 

013 

0 013 

0 

013 

0 

122 

176 

0 012 

0 012 0 on 

0 

on 

0 

on 

0 on 

0 

on 

0. 

Oil 

-0 

246 

200 

0 010 

0 010 0 010 

0 

010 

0 

010 

0 

010 

0 

010 

0 

010 

-0 

610 
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TaBLH 17.— COMPAEISON OF CoEFPICIHlNTS OF ROUGHNESS IN KuTTBR’s, 
Manning’s, and Bazin’s Formulas — {Continued) 


Hy- 

draulio 

c. 


n, Kuttcr's formula 

radius 

B, 

Chezy U3 

formula || S 

U3 

n 8 

S = 
0001 

5 = 
0002 

S = 
0004 

feet 

°a S 

CQ S 


o 

O 

1 O O O 


II 5 

05 O 


Man¬ 

ning's 

formula 


m, 

Bazin's 

formula 


S 0 


10 0 


20 0 


30 0 


60 

0 

04S 

0 048 0 047 

0 046 

0 

046 

0 

044 

0 044 

0.042 

0 

00 

76 

0 

033 

0 031 0 030 

0 020 

0 

028 

0 

028 

0 028 

0 

028 

3 

11 

100 

0 

024 

0 023 0 022 

0 021 

0 

021 

0 

020 

0 020 

0 

021 

1 

63 

126 

0 

010 

0 018 0 017 

0 017 

0 010 

0 

016 

0 016 

0 

017 

0 

738 

160 

0 

016 

0 014 0 014 

0 014 

0 

013 

0 

013 

0 013 

0 

014 

0 

141 

176 

0 

013 

0 012 0 012 

0 on 

0 

on 

0 on 

0 on 

0 

012 

-0 

283 

2D0 

0 

on 

0 010 0 010 

0 010 

0 

010 

0 

010 

0 010 

0 

010 

-0 

600 

76 

0 

030 

0 034 0 032 

0 031 

0 

030 

0 

030 

0 030 

0 

020 

3 

48 

100 

0 

027 

0 024 0 023 

0 022 

0 

022 

0 021 

0 021 

0 

022 

1 

82 

126 

0 

010 

0 018 0 018 

0 017 

0 

017 

0 

017 

0 016 

0 

017 

0 826 

160 

0 

016 

0 016 0 014 

0 014 

0 

014 

0 014 

0 014 

0 

016 

0.168 

176 

0 

013 

0 013 0 012 

0 012 

0 

012 

0 

012 

0 on 

0 

012 

-0 

316 

200 

0 

on 

0 on 0 010 

0 010 

0 

010 

0 

010 

0 010 

0 

on 

-0 

670 

226 

0 

010 

0 010 0 000 

0 000 

0 

000 

0 000 

0 000 

0 

010 

-0 

040 

76 

0 

046 

0 041 0 087 

0 036 

0 

034 

0 

033 

0 033 

0 

033 

4 

02 

100 

0 

033 

0 020 0 026 

0 026 

0 

024 

0 

023 

0 023 

0 

024 

2 

68 

126 

0 

024 

0 021 0 020 

0 010 

0 

018 

0 018 

0 018 

0 

020 

1 

17 

160 

0 

010 

0 017 0 016 

0 016 

0 

016 

0 

014 

0 014 

0 

016 

0 

224 

176 

0 

016 

0 014 0 013 

0 012 

0 

012 

0 

012 

0 012 

0 

014 

-0 

447 

200 

0 

013 

0 012 0 on 

0 on 

0 

010 

0 

010 

0 010 

0 

012 

-0 

048 

226 

0 

on 

0 010 0 010 

0 000 

0 

000 

0 

009 

0 000 

0 

on 

-1 

34 

76 

0 

060 

0 047 0 041 

0 030 

0 036 

0 

036 

0 034 

0 

036 

6 

03 

100 

0 

037 

0 031 0 028 

0 026 

0 026 

0 

024 

0 02-4 

0 

026 

3 

10 

126 

0 

027 

0 023 0 021 

0 010 

0 

010 

0 

018 

0 018 

0 

021 

1 

43 

160 

0 

022 

0 018 0 010 

0 015 

0 

016 

0 

016 

0 016 

0 

018 

0.274 

176 

0 

017 

0 016 0 013 

0 013 

0 

012 

0 012 

0 012 

0 

016 

-0 

648 

200 

0 

014 

0 012 0 on 

0 on 

0 

on 

0 

010 

0 010 

0 

013 

-1 

10 

226 

0 

012 

0 on 0 010 

0 010 

0 

000 

0 000 

0 000 

0 

012 

-1 

04 


Solution of the Manning Formula.—The form of the Manning formula 
is such that it may readily be solved with the aid of a table of logarithms 
It IB advantageous, however, to make use of tables or diagrams when 
many computations are to be made. Such tables or diagrams are 
simpler in form than those required for Kutter’s formula. 

,A Bunple form of diagram for the general solution of Manning’s 
formula is that given m King’s “Handbook of Hydraulics,” and hero 
reproduced as Fig 26. The method of using this diagram is described 
below the figure. 

Straight-line diagrams for Mannmg’s formula may be prepared by 
the use of logarithmic cross-section paper, and several such diagrams 
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have been prepared. One of the best is the nomographic chart devised 
by Prof Elmo G Harris.^ 


h - Ooefllolent' of BonsihiieaB 



R —Hydiaubo Radius—Foot 

Fig. 26—Diagram for solution of Manmng's formula v => for 

n 

sewers and small canals. (King's Handbook of Hydraidica ) 

Any throo quantities known, to find the unknown Taking the equation in the form 
vn « 1 4S67Z^^iSl^, find the Intersootion of tho tWo known quantities whioh ooour on the some 
side of the equation, and follow tho curved pudo linos to tho intersootion with the third 
known quantity The other coordlnato of this Intersootion gives tho quantity desired. 


Bazin Fonnula.—H. Bazin pubhshed* in 1897 a formula for C in the 
Chezy formula, which is: 

^ 167.6 


This superseded an earlier formula of Bazin. It is widely used in 
Europe, particularly m France, and has become sufficiently known in 
this country so that most detailed analyses of experimental results 


1 Eng News-Beo 1020, SB, S37. 

^ " Annales des Fonts ot Chaus^es," 1807 
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include values of m, as well as n for Kutter’s and Manning’s formulas. 
Table 17 includes the values of m corresponding to various values of 
C, R and S. 

Table 18, from King’s “Handbook of Hydraulics,” gives values of 
m suitable for use with vanous kinds of conduits. 

Tablb 18.— Valubs of m for Bazin’s Formula 



Beat 

Good 

1 

Pair 

1 

Bad 

Vitrified sewer pipe 

a 

10 

0 

40 

0 

60 

0 

90 

Common clay dram tile 

0 

20 

0 

30 

0 

50 

0 

90 

Glazed brickwork 

0 

10 

0 

25 

0 

40 

0 

60 

Bnck in cement mortar 

0 

25 

0 

40 

0 

60 

0 

90 

Neat cement surfaces 

0 

00 

0 

10 

0 

25 

0 

40 

Cement-mortar surfaces 

0 

10 

0 

20 

0 

40 

0 

60 

Concrete pipe 

0 

25 

0 

40 

0 

60 

0 

75 

Plonk fiumes, planed 

0 

00 

0 

25 

0 

40 

0 

50 

Plank flumes, unplaned . 

0 

10 

0 

40 

0 

50 

0 

60 

Plank flumes, with battens 

Concrete-lmed channels 

0 

25 

0 

60 

0 

75 

1 

00 

0 

25 

0 

50 

0 

75 

1 

00 

Rubble masonry... 

0 

90 

1 

25 

1 

90 

2 

50 

Dry rubble 

1 

90 

2 

50 

2 

90 

3 

15 

Ashlar masonry 

0 

40 

0 

50 

0 

65 

0 

90 

Smooth metal flumes 

0 

10 

0 

25 

0, 

,40 

0 

60 

Corrugated metal flumes . 

1 

60 

1 

90 

2 

20 

2 

60 

Earth canals m good condition 

0 

90 

1 

25 

1 

60 

1 

90 

Earth canals with weeds, rocks, etc 

1 

90 

2 

50 

3, 

15 

3 

80 

Canals excavated m rock. 

2 

50 

3 

15 

3 

70 

4 

20 

Natural streams m good condition 

1 

90 

2 

50 

3 

15 

3 

80 

Natural streams with weeds, rooks, etc 

3 

15 

4 

40 

6, 

,30 

8, 

,80 


Hazen and Williams’ Formula.—Of late years, several exponential 
formulas for the flow of water m pipes and conduits have been developed. 
Of these the most important is that developed in 1902 by Allen Hazen 
and Gardner S. Wilhams, which agrees closely with observed results 
and has the great merit that it can be apphed with facility through the 
special slide rule designed and graduated for the solution of problems 
by it Tables have also been prepared covering its apphcation.^ 
Inasmuch as careful comparison of this formula has been made with 
the better-known Kutter’s formula, and as the use of the slide rule is 
not only convenient but effects a very considerable saving in time in 
makmg many hydrauhc computations, this formula is of particular 

* WhiLiamb and Hazbii, "HydrauUo Tables," Third Bditaon, 1920. 



HYDRAULICS. PLOW OF WATER AND SEWAGE 99 

importance While this formula has had apphcation most often 
to pipes discharging under pressure, it may also be used in sewer 
computations 

The Hazen and Wilhams formula is 

V = CkR°-<^^S° 001-0 04 

The authors of the formula say of it/ 

The exponents m the formula used were selected as representmg as nearly 
as possible average conditions, as deduced from the best available records of 
experiments upon the flow of water in such pipes and channels as most fre¬ 
quently occur m water-works practice The last term, O.OOl^o o^, is a 
constant, and is mtroduced simply to equalize the value of with the value 
in the Chezy formula, and other exponential formulas which may be used, 
at a slope of 0 001 mstead of at a slope of 1. 

This formula may also be written (smce 0 001“® = 1.318), 

V = 1 318 CkR° » 

With regard to the coefficients to be used in this formula m general 
design, Williams and Hazen suggest the following values for C*. 

140 for new cast-iron pipe when very straight and smooth 
130 for new cast-iron ppe under ordinary conditions 
100 for old cast-iron pipe under ordinary conditions, this value to 
be used for ordinary computations anticipatmg future conditions 

110 for new riveted steel pipe 
96 for steel pipe under future conditions 

140 for new lead, brass, tin, or glass pipe with very smooth surface 
130 to 120 ditto, when old 

120 for smooth wooden pipe or wooden stave pipe 

140 for the masonry conduits of concrete or plaster with very 
smooth surfaces and when clean 
130 ditto, after a moderate time when shme-covered 
120 ditto, under ordmary conditions 

110 for cement-lmed pipe (Metcalf; not given by Williams & Hazen) 

100 for brick sewers m good condition 

110 for vitrified pipe sewers in good condition 


1 WiLiiiAUB and Hazbn. "HydrauUo Tables,” pp 1 and 2 
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The Hazen and Williams formula reduces to the following forms for 
the given values of Ca 

when Ck = 100, w = 131 8R° <^^S° “ = 55 OD^ “ 

when Cft = 110, w = 146 0R° = 60 5D° “/?»s-i 

when Ck = 120, v = 158 2R° = 66 0D<> “ 

when Ck => 130, v = 171 412® “^S® ^ = 71 6D® »®5® 

when Ck = 140, v = 184 612® 9®5® *9 = 77 ID® 93,50.64 

The ratio of the values of v, S, and D for other values of Ck to their 
value for C* = 100 and Ck = 130 are shown in Fig. 26 ^ 


Percant 


P e o o 
S 2 £ S 


Sg S 



Fig. 26 — Relations between factors in Hazen-Williams formula 


Figures 27 and 28 show the discharges of pipes of various sizes accord¬ 
ing to the Ha'Jen and Williains formula for Ck = 130 and (7* = 100, 
respectively. 

The relation between the value of Ch in the Hazen and Williams 
formula and the C of the Chezy formula may be found by equating the 
value of S in these two formulas, which gives the equation 

C (Chezy) = 1.1606 


NONUNIFORM FLOW 

Conditions of steady nonuniform flow exist when a constant quantity 
of water flows with variable cross-sections, slopes, and velocities. The 
surface of the water is, therefore, not parallel to the invert of the con¬ 
duit. This condition always exists at points of c hang in g equilibrium, 
such as at and near changes in grade and m cross-seotion, and above 

1 For fnrtber diaouarion of the Hazen and WUnama formula, see Eng Bac 1003, 47, 007. 






« 



HYDRAULICS- FLOW OF WATER AND SEWAGE 101 


obstructions or free outlets.^ Typical examples of nonumform flow are 
shown in Figs. 29 to 31. 

General Equation for Nonuniform Flow.—Assume a reach of condmt 
short enough so that the loss due to friction may be computed with 


Uniform npw^JJon-Unj^^ _J 

Free OuHef 

Fig. 29.—Drawdown curve, free disoharge. 


sufficient accuracy by one of the formulas for uniform flow, such as 
Manning’s formula, making use of the mean hydrauhc radii and veloci¬ 
ties. Then the average velocity in the reach would be 

n 


K- X-—>|<--y - 
■---cr—3^ 


> y of inyerf^i 

Uniform Flow . ^PJlrUni^CFin?^.. 



Fig. 30.—Backwater curve. 


Taking v = }4(vi + 1 / 2 ) or the average between the velocities at the 
ends of the reach, 


g ^ n'^ivi + Vi)^ 

8 8322« 


Since the total fall in the water surface h is equal to the sum of the 
frictional loss and the difference in the velocity heads, 


h 




vP 

2(7 


* Hinds, Julian, "The Hydraullo Jump and Grltioal Doptlia In the DosiBU of Hydraulic 
Struoturea,” Eng Newa-Ree , 1020, 8S, 1034 

Babbitt, H. E , " Nonuniform Flow and Slemfloonce of Dropdown Curve In Conduits," 
Eng Neu>a-Rac , 1022, 89, 1007. 

Hill, C D , "Application of the Dropdovm Curve in Chioaao Sowers," Eng. Neas- 
Beo , 1023, 90, 707 

Hubtxd, Alva Q, "New Method of Computing Baokwator and Dropdown Curves," 
Eng , Newi-Rec 1024 ; 99, 710 

WooDWAED, Shbiucan M , "Theory of the Hydraullo Jump and Backwater Gurvos," 
in Tech Rep , Port III, Miami Conservanoy Distnct 
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The same expression for the drop in water surface is apphcable on the 
basis of any formula for frictional loss 

If d[ and d'^ represent the depths of water at the two ends of the 
reach, and i the inchnation of the bottom, then 

h = xi -{■ (jd\ — dj) 


Equating the values of h, 




iS-i) 


From this expression the distance x between any two sections of the 
stream in which the change in depth is d[ — can be computed 
approximately 

The foregoing expressions aje general and may be applied to any case 
of steady^ nonuniform flow, withm the hmit of the accuracy of the 
assumptions. 

Critical Depth.—In the case of free discharge, illustrated in Fig. 29, 
or of a decided increase in inclination of the channel, as shown in Fig. 
31, the depth of flow at the outlet, or at the break in grade, will be 



definitely fixed by the rate of discharge, for any given conduit. The 
case is analogous to the discharge of a weir. This depth is called the 

/ 

cnhcal depth, designated as d„, and is the depth for which d' + „- is a 

I 

minimum. Then for a rectangular section dg + ja is a mimmum, 

whence 


d: = 


* 02 
or (d:)» = 


In the expression, for a given depth d^, Q vajies directly with b, as 
would be expected for the rectangular section. It is, therefore, prac¬ 
ticable to construct a table givmg values of Q per foot of width for 
various values of d^. Such values are given in Table 19. 

* For this oase s =■ -y/gd' and v*/2g ■> d'/2 (velooitjr haad =■ depth) 
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Tablb 19. —Thboebtioaij Dibchargh per Foot os' Width for Various 
VaijUbb of "Critical Depth" in Rectangular Channels 
= d'gQ^ .'.Q = = 6 674 (sLdo-rule computations) 


DiBohorga In aubia feet per seaond 


Depth, dg 



0 

0 

0 

1 1 

0 

2 

0 

3 1 

0 

4 1 

0 

5 1 

0 

0 

1 ° 

7 

1 ° 

8 

1 ^ 

0 

0 

0 

0 

0 

18 

0 

61 

0 

04 

1 

44 

2 

00 

2 

04 

3 

33 

4 

07 

4 

80 

1 

5 

70 

0 

58 

7 

50 

8 

45 

0 

43 

10 

4 

11 

5 

12 

0 

13 

7 

14 

8 

2 

10 

0 

17 

3 

18 

5 

10 

8 

21 

1 

22 

4 

23 

8 

25 

2 

20 

0 

28 

0 

3 

20 

5 

31 

0 

32 

5 

34 

0 

36 

1 

37 

1 

38 

7 

40 

4 

42 

0 

43 

7 

4 

45 

4 

47 

1 

48 

8 

60 

0 

52 

4 

54 

2 

50 

0 

67 

8 

50 

7 

61 

0 

5 

63 

5 

05 

5 

67 

4 

00 

4 

71 

3 

73 

3 

76 

3 

77 

3 

79 

4 

81 

5 

0 

S3 

5 

75 

0 

87 

8 

80 

0 

02 

0 

94 

2 

00 

4 

08 

5 

100 

0 

102 

8 

7 

105 

0 

107 

2 

100 

5 

111, 

.8 

114 


116 


119 


121 


123 


120 


8 

128 


131 


133 


130 


138 


140 


143 


140 


148 


151 


0 

153 


156 


158 


101 


104 


100 


109 


171 


174 


170 


10 

179 


182 


185 


188 


100 


193 


100 


100 


202 


205 



Similar computations of the critical depths corresponding to various 
rates of discharge for other forms of cross-section can be made, but 
they are hkely to bo very complex, and it is usually simpler to obtain 
the values by successive approximations Prof. H. E. Babbitt^ 
has done this for circular conduits and obtained the values given 
in Table 20. 

All these figures are baaed upon theoretical computations. No 
experimental determinations of their correctness have been made. 
It IS behoved, however, that actual values are not likely to vary from 
those computed m this way, by more than 10 per cent. 

Drawdown.—The transition from a condition of uniform flow in a 
conduit to the discharge at a free outlet or the drop at a chute is accom¬ 
plished by a gradual lowermg of the surface similar to the surface curve 
above a weir. If the conduit is on a flat slope and the normal velocity 
is low, the difference between the normal depth and the " cntical depth” 
will be considerable, the drawdown will be of consequence and the 
drawdown curve will extend upstream for a material distance. In 
such a cose it may sometimes be possible to make a saving by reducing 
the size of the conduit and eliminating the drawdown, or by lowering 
the roof while leaving the width unchanged. If, however, the conduit 
is on such a steep slope that the velocity is high and the critical depth 
but little less than the normal depth, no material reduction in size of 
conduit can be made, and the drawdown will not be significant. In 
those oases, too, whore there is possibility that the conduit may flow full 
under pressure at times, reduction in section for drawdown would 
be undesirable. 

^Eng Newa-Reo , 1022 , 89, 1000. 
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Table 20.— Theoretical Values op “Critical Depth’’ in Feet, in 
Circular Conduits for Various Rates op Discharqe 
H E Babbitt m Eng Newa-Rec., 1922; 89, 1069 


Rate of 
discharge, 
cubic feet 
per second 


1 2 


Diameter of conduit, feet 


10 


0 2 

0 20 



0 4 

0 27 



0 6 

0 33 



0 8 

0 38 



1 0 

0 41 

0 

33 

1 5 

0 62 



2 

0.60 

0 

48 

3 

0 73 



4 

0 84 



5 


0 

80 

10 


1 

12 

16 , 


1 

42 

20 


1 

64 

30 


1 

80 

40 


1 

94 


'50 

100 

150 

200 

300 

400 

600 

600 

700 

800 

900 

1,000 

1,200 

1,400 

1,600 


0 66 

0 

64 



0 99 

0 

92 

0 87 

0 80 

1 23 

1 

12 



1 44 

1 

28 

1.19 


1 80 

1 

60 

1.64 


2 07 





2 28 

2 

08 

1 98 

1 89 

2 88 

3 

08 

2.86 

2.67 


3 

64 

3.73 



3 

92 

3.98 

3 87 




4.66 

4 80 




4 86 

5.44 





6 69 


1 79 

1.72 

1 

71 

1 

60 

2 66 

2.48 

2 

39 

2 

26 

8.68 

3 66 





4.66 

4.40 

4 

14 

4 

15 

6 22 

6 04 





6.81 

6.68 

6 

49 

6, 

30 

6 37 

6 40 





6 56 

6.68 

6 

63 

6 

36 


7.04 





6 79 

7 48 

7 

74 

7 

70 



8 

24 

8 

26 



8 

56 

8 

76 

. 




9 

26 


The distance from the control section (the point of "critical depth”)i 
to which the drawdown extends, can be computed approximately by 
successive steps, utilizmg the general equation for nonumform flow. 

For example, take the case of a rectangular conduit 10 ft. wide, with 
a slope of 0.001, with n = 0.016 and Q = 260 c.f.s., discharging freely, 
as in Figs. 29 and 31. Using Manning’s formula, we find, for S = 0.001, 
when d' = 4.0, Q = 214, and when d' = 5 0, Q = 288, and by inter- 
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polating, when Q = 260, d' = 4.6, which will be the depth of flow when 
the effect of the drawdown is not felt. IVom Table 19, the critical 
depth dg will be 2.7 ft The drawdown curve will be that portion of 
the water surface between depths of 4.6 and 2.7 ft. Its computation 
is shown m the following tabulation: 


d ' A p R V £ 

2 7 27 16 4 1 76 9 28 1 34 

3 0 30 le 0 1 87 8.33 1.08 

3 4 34 16 8 2 02 7.36 0.84 

3 8 38 17 6 2 16 e 61 0 68 

4 2 42 18 4 2 28 5 07 0 56 

4 6 46 19 0 2 37 5 56 0 48 

Total length of drawdown 



Aver¬ 
age 72 

Aver¬ 
age V 

nr 


Sf S - 1 

-S "8 
s g 

X 

4.04 

1 81 

8 

81 

0 132 

0 

0036 0 

0025 

0 04 

16 

4 08 

1 96 

7 

84 

0.118 

0 

0026jo 

0015 

0 16 

107 

4 24 

2 09 

6 

98 

0 105 

0 

0019 0 

0009 

0.24 

266 

4 48 

2 23 

6 

32 

0 0095 

0 

0014 0 

0004 

0 27 

676 

4 76 











2 83 

5 

76 

0.00866 0 

0011 0 

0001 

0 23 

2,300 

4 98 



















.3,364 


Backwater.—The surface curve assumed by the water when backed 
up by a dam or other obstruction is called the backwater curve (Fig. 
30). It may be required to determine the amount by which the depth 
is increased at specified points, or the distance upstream to which the 
effect of backwater can be detected. 

For example, take a oondmt of the same dimensions and character 
as in the example under “drawdown,” but where the discharge is into 
a body of water with its surface 7.0 ft. above the bottom of the conduit. 
The procedure is exactly the same as in the example referred to, but the 
increments of depth are negative, and the value of /S — i is also negative. 
The computation for the case is as follows: 
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Total extent of backwater 6,705 ft. 
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Chute.—A chute is a channel with so steep a grade that uniform flow 
can take place at a depth less than the “critical depth” (Fig. 31). The 
computation of flow in a chute, in so far as such flow is uniform, is 
accomplished by the use of the ordinary formulas, such as Kutter’s or 
Manning’s, although the applicabihty of these formulas at very high 
velocities is doubtful. Chutes are, however, usually short, and the 
portion of their length in which uniform flow conditions exist is often 
insignificant. Non-uniform flow obtains at the upper end of the 
chute, and the “hydraulic jump” may occur at the lower end if condi¬ 
tions beyond the chute are such as to produce it. 

Hydraulic Jump (Fig 31).—^When water moving at a high velocity 
in a comparatively shallow stream strikes water having a substantial 
depth, there is likely to be a rise in the water surface of the stream, 
forming what is called “the hydraulic jump.” The jump cannot occur 
unless the primary depth of the water is less than the critical depth, 
and when it does occur the water surface rises from a point below to a 
related point above that representing the critical depth The depth 
of water which will cause the swift-moving stream to form the jump may 
be computed from the equation 


The derivation of this relation is given below. 

Let q equal the flow in 1 ft. of width of channel. 

Let d[ and Vi, d^ and Vi, do and Vc be, respectively, the depth and 
velocity in the channel immediately above the jump, below the jump, 
and at the point of critical depth. As shown on p. 102, 

do = ^ or q = ^ gdo^ 

but q = Vid[ = ussda- 

The change in velocity in passing through the jump is Vi—Vi. The 
mass of water passing in 1 sec is wqfg and the change in momentum is 


— (wi - «a) 
9 


9 


/ di\ wqvi^d'z — d'l) 

V' "'dO - gdi 


The static pressure upon the cross-section of the stream is wd'i/2 
above the jump, and vad'^J^ below the j’.ump. The difference is 


2 



The difference m static pressure represents a force acting in the 
opposite direction to the flow, and this is the force which causes the 
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change in momentum represented by the reduction in velocity from Vi 
to Vi. 

Therefore, 

2 (d. - d, ) - — 

Whence 

+ d^di = 


substituting ^ for vi, 

di 

4 ' + d'A = ^ 

gdi 

Whence 

+ da) g* 

2 7 

which has been shown to be equal to (dj*. 

For example, take the case of 260 c.f.s. flowing in a rectangular con¬ 
duit 10 ft. wide, with n = 0.016, as before; assume the inclination of 
the upper section to be 0 06; using Manning’s formula (assumed applica¬ 
ble to very high velocities) the discharge for depth of 1.0 ft. is found 
to be 196 c.f.s , and for depth of 1.6 ft. 364 c.f.s.; and, by interpolation, 
the depth of flow in the upper section (chute) is fixed at 1.2 ft., which is 
less than the critical depth of 2,7 ft. 

The normal depth of flow in the lower section with its slope of 0.001 
is 4 6 ft. Assuming that this is the depth below the jump, the depth 
above the jump may be computed from the formula above as follows. 


4.6d; 


,(4.5 -I- dO 


26^ 

32.2 


(«)■ + 4.6<i; - ^ = 8,64 

(dO* + 4.6d' -I- 6.06 = 13.70 
d[ + 2.26 = 3.7 
d[= 146 


When the flow reaches the bottom of the chute, the flatter slope 
retards the flow and the depth increases Assuming that the chute has 
sufficient length for the depth of flow to decrease from the critical depth 
at the top of the chute to approximately the normal depth of 1.2 ft. at 
the foot of the chute, the flow must continue in the lower section until 
the retardation has caused an increase in the depth of flow from 1.2 to 
1.46 ft., or, say, 1.5 ft. The distance over which the flow must continue 
before the jump will occur is shown by the following computation. 
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Then the jump will be located about 66 ft below the end of the chute. 

It is to be noted that under some conditions of channel cross-section 
and slope, the length of the lower section may be insufficient for the 
water surface to rise to the required depth. It should also be noted 
that if the cross-section of the lower section differs from that of the 
chute BO that the critical depth is below the depth of flow after it reaches 
the lower section, no jump will occur. 


LOSSES OF HEAD FROM CAUSES OTHER THAN FRICTION 


Velocity Head.—Strictly speaking, the head required to produce 
velocity, v^/2g, is not lost, as it merely corresponds to the transformation 
of potential energy into kinetic energy, and theoretically it should be 
recoverable when the velocity is checked. This is the case, to a con¬ 
siderable extent, with closed pipes under pressure, but, in open-channel 
conditions, it is less common to recover a material part of the velocity 
head, except m the “hydraulic jump.” It is usually advisable in sewer¬ 
age work to consider the head used in producing velocity as lost head, 
and it is necessary to provide, in every cose, sufficient head to develop 
velocity, in addition to that required to overcome friction and other 
resistances. 

Entry Head.—In the case of a pipe leading from the side of a tank, 

the entry head loss has been found to be 0.605^, and is in addition 

to the velocity head. This is for the case where the corners are square 
and sharp By suppressing or reducing the contraction resulting from 
the orifice, as by roundmg the corners, the entry loss may be materially 

reduced, perhaps to 

In the case of an open channel or conduit leading from a reservoir, 
the conditions are similar, but experimental data are lacking. It is 
probably safe to estimate that the loss will not be greater than that 
in a closed pipe. 

Sudden Reduction of Cross-section.—^In addition to the difference 

,2 _ 


in velocity heads 








} there is a further loss due to the resistance 


resulting from the disturbed flow conditions. Experiments on pipes 
have shown this additional loss to range from almost nothing to approxi- 

mately 0.5;r- t (v being the velocity in the smaller pipe), depending on 

the ratio between the diameters, the coefficient being larger as the 
difference in diameter increases There are no experimental data for 
open channels, but it seems reasonable to assume that similar relatione, 
exist. 
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Sudden Enlargement of Cross-section.—Archer has shown^ that 
experimental data on losses due to sudden enlargements of closed pipes 
may be expressed by the formula 



1 Die 


Kmg and Wisler’s “Hydraulics” contains a table (p 161) showing 
that this is equivalent to amounts ranging from nearly 'nothing to 
the velocity head in the smaller pipe (vi^/2g). 

Other disturbances to flow are caused by bends and partly closed 
valves in pipes; and by changes in direction, piers, side inlets, bulkheads, 
and the effect of wind upon the free surface of the liquid in open channels. 

Valves.—Many experiments upon the loss resulting from partly closed 
valves in pipes indicate that in general the lose ranges from 0 2v^/2g 


V 

to 13 S ^ (where v is the velocity m the pipe), as the ratio of the area 


of opening to that of the pipe decreases from 0 9 to 0 1, being about 
2.7v^/2g when the area of the opemng is half that of the pipe 
Curves.—Many experiments upon loss, of head due to curves in pipes 
have been made. Most of them, however, have been upon changes in 
direction amounting to 90 deg. Experiments in which the deflection 
differed from 90 deg. are too few to warrant definite conclusions, except 
for conditions similar to those of the experiments. In general, it appears 
probable that even a slight change in direction produces a condition of 
disturbed flow which increases the frictional resistance, and that the 
length in which such disturbed conditions exist is of greater significance 
than the sharpness of the deflection; in other words, a curve of short 
radius and correspondingly short length of curve is likely to result m 
smaller loss of head resulting from curvature than a curve of long radius 
with the same change of direction. There are limits, however, beyond 
which the opposite effect is probable 
The same conclusions relative to the effect of curves in open channels 
seem to be justified H P Eddy has shown* that none of the formulas 
which have been proposed for loss due to curvature is applicable to 
open-channel conditions, and that such fragmentary data as are avail¬ 
able for those conditions indicate that the effect of curvature has gener¬ 
ally been equivalent to an increase in the value of n by an amount 
varying irom 0 003 to 0 006 in the sections containing much curvature. 
In the present state of our knowledge, it seems logical to allow ip. 
design for the effect of curvature by a change in the coefificient of 
roughness 


> Trana Am 3 oo C .0,1013, 76, 000 
^ Bng Newa - Beo , 1021, 87, 616 


j 
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Eddy’s table, on which the foregoing conclusion is based, is as follows: 

Table 21 —Effect of Cttevatumi upon Value of n in Open Channels, 
Calculated from Experimental Data 



Value of n 



Radii of 

Velocity 

Channel 




Increase due to 

of flow, 

(oonorete lined) 

On 

tangent 


On ourvoa 

1 

curvature 

curves, 

feet 

foot per 
second 



fo 

0176 to 0 

0184 0 

0030 to 0 0040 

60 

7 

Umatilla 

0 0136 to 

\ ° 

0162 to 0 

0160 0 

0026 to 0 0034 

100 

7 


0 0137 

lo 

0160 to 0 

0173 0 

0023 to 0 0038 

250 

7 

Sulphur Creek 

0 0108 


0 0140 


0 0032 

2,866 

20 

nidenbauEh. 

0 0121 


0 0146 


0 0024 

066 

3 7 

North Canal' 

f 0 0177 

A 0.0176 


0 0202 


0 0026 

410 

3 0 

(Central Oregon) 


0 0206 


0 0020 

and 

2 0 


[o 0192 


0 0222 


0 0030 

383 

2 1 

1 Computed. 









Experiments by Scobey in 1924 upon the 60-in. reinforced-concrete 
pipe aqueduct of Tulsa, Okla, are of some significance in this connec¬ 
tion, and may be considered as confirnung the conclusions above, at 
least in part. No direct comparison is possible, partly because the 
aqueduct is a closed pipe under pressure, and partly because the changes 
in direction are angular bends, not curves. These bends were formed „ 
by butting together two sections of straight pipe at the angle required, 
and pouring concrete over a reinforcmg cage at the joint, smoothing off 
the mterior surface to a sharp curve at the outside of the bend. The 
deflections ranged from less than 5 deg. to about 28 deg. 

Two sections were tested, one 80,898 ft. long, nearly straight, (con¬ 
taining 6 bends with a total deflection of 62.3 deg), the other 34,788 
ft. long, containing 29 bends with a total deflection of 465.7 deg. The 
velocity was 2 26 ft. per second. The value of n in the two sections 
were 0.0107 and 0.0111, showing an increase of 0 0004 for the section 
contouimg the greater changes in direction. In this section the average 
distance between bends was 1,200 ft. Assuming the effect of the bends 
in causing disturbed flow conditions to extend 100 ft. below the bends, 
one-twelfth of the total length of the section was so affected, and the 
increased loss in this portion would correspond to an mcrease in n of 
12 times 0.0004, or 0.0048,^ a figure comparable to those tabulated in 
Table 21. 

In his discussion of the Tulsa experiments, Scobey has computed 
the average loss of head per degree of deflection as 0.00138 ft., and the 
average per bend, irrespective of the deflection, as 0.0226 ft., for a veloc¬ 
ity of 2.25 ft per second. The extent to which these figures are applica- 

1 Baaed on the aaaumption that loas of head variea dlreotly with n, which is nearly correct 
for the small variations here considered 
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ble to other situations, particularly to flow in open channels, is doubtful, 
but the signiflcant data are so few that nothing which may be helpful 
should be left out of consideration. 

“BANKING” ON CURVES 

In some cases, the banking or superelevation of the water surface 
along the outer wall of a curved channel may be an item of considerable 
importance. This is especially the case with stream channels, open 
flumes, or flat-topped conduits in which it is desirable that the water 
should not touch the roof. 

The excess in elevation of the water at the outer bank may be com¬ 
puted approximately by the formula 



in which E represents the difference m elevation of water surface at the 
two banks, v is the average velocity in the cross-section, b is the breadth 
of the channel or stream, and r is the radius of the center line of the 
channel. 

It has been found in some cases that the actual difference m elevation 
is shghtly greater than would be given by this formula. 



CHAPTER III 


VELOCITIES AND GRADES 

Distribution of Velocity in Cross-section.—The moving body of water 
in any conduit travels at an average velocity v which is the mean of 
the velocities of all the filaments in a cross-section. These velocities 
are not uniform, but are least for the filaments in contact with the 
enclosing walls of the condmt. In a straight, closed conduit or pipe 
havmg a perimeter of uniform character, where the frictional effect of 
the waUs is everywhere the same, the maximum velocity will be found 
at the center of the cross-section, or in the axis of the conduit. In an 
open conduit, the maximum velocity will be. found at the greatest 
possible distance from all surfaces against which there is friction; the 
greater the friction upon any surface, the greater will be the distance 
of the point of maximum velocity from that surface. The water surface, 
or plane of contact between the flowmg water and the atmosphere, is 
not a frictionlesB surface (except when the air is moving in the same 
direction at the same velocity), and, consequently, the maximum 
velocity is below the surface, but at a much less distance than from the 
walls of the enclosmg channel. 

Figure 13 shows the variation in velocity of flow in two Boston Metro- 
pohtan sewers The amounts by which the curves vary from regular 
and smooth curves mdicate the extent of disturbing influences of some 
kind, provided the measurements were free from errors 

An examination of the results of a large number of determinations of 
variation of velocity in the cross-section of pipes and open channels 
has shown that, in general, the curve of variation of velocity in any 
axial section of a closed pipe, or vertical section in an open channel, 
is approximately paraboHc in form, with the axis of the parabola approxi¬ 
mately in the thread of maximum velocity. The filaments in contact 
with the surface of the conduit are moving at velocities considerably 
less than the mean velocity in the cross-section. 

Ratio of Mean to Maximum Velocity.—In straight closed pipes, the 
mean velocity has been found to be about 0 85 of the maximum velocity 
in the cross-section (the center velocity) and to be located about three- 
fourths of the radius from the center. The velocity at the perimeter 
is about one-half the center velocity. 

In open channels, the mean velocity in any longitudinal vertical section 
is usually between 0.80 and 0 96 of the surface velocity. The 
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thread of mean velocity is usually between 0.55 and 0.66 of the depth 
below the surface, and the average of the velocities at 0.2 and 0 8 depth 
usually gives the mean velocity in the vertical piano within about 2 per 
cent 

The ratio of the mean velocity in the cross-section to the maximum 
surface velocity is not a constant, but it has usually been found to lie 
between 0 70 and 0 85 in all types of open channels, and the value 0.80 
has often been used as a rough approximation. 

MINIMUM VELOCITIES AND GRADES 

Velocity and Transporting Power of Water.—The transporting capac¬ 
ity of water, due to its velocity, plays an important part in the disposal 
of sewage by dilution and diffusion and in preventing clogging of sewers 
and local formation of sludge banks as a result of the settling out of 
the heavier particles of sewage The prevention of clogging of sewers 
IS discussed hereafter under Self-cleamng Velocities in Sewers. It 
has been shown ^ that the transporting capacity of water varies as the 
sixth power of its velocity, so that if the velocity be doubled the trans¬ 
porting capacity is sixty-four times as great. Therefore, any influence 
which tends to check the velocity at any point immediately results in 
substantial reduction of its carrying capacity, and the subsequent 
deposition of particles which had been carried along readily by the cur¬ 
rent of greater velocity. The form and adhesive quahty of the particles 
also playu a part in the formation of sludge banks 

Much of the information relating to the transporting capacity of 
streams is almost valueless, owing to the lack of exact knowledge of the 
velocity near the bottom of the stream, “ which, together with the char¬ 
acter of the material composing the bottom and the depth and, hence, 
the pressure of water upon it, are the mist important clomciits in the 
problem of erosive action Compansons with average velocities are of 
slight significance. Freeman has called pointed attention to these 
facts m hiB Charles Eiver Dam report, in which he cited the opinion of the 
veteran engineer, Hiram F Mills, in regard to the misuse of the observa¬ 
tions of Dubuat, who made experiments in 1780 upon the capacity of a 
stream m a wooden trough to move particles on its bottom. All of 
these observations failed to take into account the varying velocities 
of flow m any vertical section. Many engineers who have made use of 
the results of those experiments have failed to recogmze this fact, as 
well as the effect of the character of the material, the coating of slime or 

1 "Hydraulics,'' Ninth Edition, 340 

• In general, the velocity near the bottom of nn open channel is between 40 and 80 per 
eent of the mean velocity, depending largely upgn the roughnead of tho bottom, two-tlilrde 
of the moon velocity may be taken or a rough approximation to tho bottom volooity in 
sewers. 
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colloidal surface which forms upon the bottom and the effect of the 
pressure upon the matenal, due to the depth of water. Freeman quotes 
observations made by Mills and Hale on the Essex Company’s canal 
adjoimng the Merrimac River in Lawrence, which were made with 
sufficient care to be significant, using a current meter to determine the 
distribution of velocities 

At Station 1, middle of west chord of Everett Railroad bridge: 

Banks and bed completely and smoothly covered with fine sand, as per 
sample, whose mechamcal analysis is given in table following Dejiosit S 
to 12 m deep. Surface near the bottom marked with little waves of sand 
% in high, probably rolled up by the more rapid velocity when emptying 
canal. Side slopes smooth and free of wave marks. Sand so soft and so 
like quicksand that one’s feet smk mto it 3 in. while walking aijross, or, when 
standmg still for a minute or two, the feet gradually sink into it about 8 to 
12 in. This sand plainly is not bemg scoured, although it is softer than any 
sik that I have seen uncovered at low tide on the shores of Boston harbor, 
except perhaps the silty sludge m immediate proximity to certain sowers. 



Ft. per 


second 

Maximum surface velocity m center found to be. 

1.3 

Mean velocity of center section. 

10 

Velocity at 3 in. from bottom ... 

O.H 


This shows that a particularly soft bottom was not eroded by a bottom 
velocity of about 0 8 ft. per second, and that the condition was one that 
favored deposits. 

Station 2, at upstream side of Union Street bridge: 

General appearance the same as at Station 1, except that surface of 
sand m deepest portion of can^l is covered by sand waves averaging about 
1 m. high, with crests transverse to current, suggesting a rolling along of the 
sand grains which perhaps has been mduced by the liigher velocity from 
drawmg off and refillmg the canal a few times very recently, rather than by 
the ordmary flow I find, on trampmg back and forth over the silt, that it 
is much more firm than at Station 1. 

Ft. per 
second 

Maximum surface velocity. 1.9 

Mean velocity of center section . . 1.5 

Vebcity at 3 m from bottom in middle..... . 1.2 

With these velocities, silt of this quality is deposited 12 in. deep, and 
apparently is rolled into waves only by the recent drawing off of canal, since 
no sand waves are found more than halfway up on the sloping sides of canal. 
The indication is that a bottom velocity of 1.2 ft. per second favors deposit 
and not scour. 
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Station 3, from same cross-section, but about three-quarters (Jistan.ce 
up slope from center toward north side and 6 or 8 ft up from bottom level, 
where there were no sand waves 

Deposit 8 in. deep, velocity at about 3 in from bottom found to average 
0 9 ft. per second Condition here is plainly one of deposit, and not of scour 
Station 4, upstream side of Pemberton bridge • 

Upstream from this pomt the bottom and berms of canal are substan¬ 
tially scoured clean, but a short distance downstream from this pomt on the 
northerly edge of berm a deposit begins, and, going downstream, qiuckly 
spreads out to 5 ft m width opposite to the penstocks of the Pemberton 
Mills, and below this gradually widens out, until at Union Street it covers 
the entire bed of the canal from north side over to foot of south slope 
At Pemberton Bndge, where entire bed is scoured clean, there is some 
irregularity found m the distribution of velocity, but the general average of 
a dozen or twenty observations ran about as follows 



Feet per 


second 

Mean velocity of entire cross-section 

2 6 

Velocity 3 in. from bottom at midchannel 

1 6 

At 10 ft from north side 

1 5 

In comer next north wall (at deposit). 

0 9 


The observations at this point show that a velocity of 1 5 ft. per second 
prevents deposit or produces scour or a rolhng along that keeps the bottom 
clean. 

In general, these north canal observations show that the velocity neces¬ 
sary to prevent deposit or necessary to produce scour of grains of fine river 
Blit and sand of sizes shown by followmg analysis (Table 22), and forming 

TabiiB 22.—Mbohanioal Analysis of AvunAGB Samples of Sand Caiud- 

FULLY COLLBOTHD FBOM WiTHIN TO K In OF SUBFAOB AT AbOVB 
Stations; Analyzed at Lawrence Experiment Station, 
Mabbaohusbttb State Board of Health 


From J. R. Freeman’s Report on Charles River Dam, 1903, p 

1 416 

Number of sample 

No. 1 

No. 2 

No. 3 

Ten per cent finer than (diam in millimeters) . 

0 12 

0 16 

0 04 

Uniformity coefllcient . . 

1.40 

1 70 

3 60 

Fmer than 2.04 mm. (per cent by weight). 

100.00 

100.00 

100.00 

Fmer than 0.93 mm (per cent by weight) .. 

99 60 

99 60 

100 00 

Finer than 0.46 mm. (per cent by weight) . 

98,00 

97 80 

99.00 

Fmer than 0 310 mm. (per cent by weight) 

96.60 

93 40 

97 80 

Fmer than 0 182 mm. (per cent by weight) 

06.10 

33 10 

89 20 

Fmer than 0.106 mm (per cent by weight) 

4.30 

0.90 

32 40 

Finer than 0.08 mm (per cent by weight) 



19 10 

Fmer than 0.04 mm. (per cent by weight) 

, , 


9.60 

Finer than 0.01 mm. (per cent by weight) 

. . 


0.00 
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part of a maas deposited only less than 2 months before and not compacted 
by long standmg, was not far from 1.3 to 1 6 ft per second, this velocity 
bemg measured at a distance of from 3 to 6 m from bottom 

These observations thoroughly disprove the oft-quoted, century-old, 
crude, unrehable observations of Dubuat. 

The boihng and eddymg of a current has much to do with its power to 
transport material m suspension While this canal has nprap on its banks, 
its straightness and uniformity of section should offset any greater disturb¬ 
ance thAn ifl commonly found in natural streams, and should moke the results 
of general apphcability. 

As an indication of the mean and maximum surface velocities cor¬ 
responding to bottom velocities which were supposed to cause “a gradual 
destruction of the bed”—these latter being based upon the experiments 
of Dubuat, which Freeman characterizes as crude and unrehable— 
GanguiUet and Kutter have computed such values with the aid of 


Table 23.— Vblocitibs Beyond Which Erosion of Bed of Stream Will 
Take Place, Based upon Dubuat’s Experiments^ 

Hermg and Trautwine’s Translation of G^guiUet and Kutter’s "Flow of 

Water,” p 124 

Column 2 gives the velocity at the bottom; column 3, the moan velocity as 
figured by Bazm’s formula, v = «i, + 10 9-\/ RS, m Enghsh measure, or an 
average value of « == 1 31«6; column 4 contams the maximum surface velocity 
as figured by Bazm's formula, t; = Vmax — 24 S ^/RS m English measure, 
or a mean value of v = 0 83«moa. 


Nature of material forming bed 

Bottom 

velocity, 

n 

ft per sec 

Moan 
volodty, V 
ft per HOC 
Buzin 

Maximum 
Burfnoo 
Vol., Vmij, 
ft per sen 
Bazin 

(IJ 

(2) 

m 

(4) 

River mud, day, spedfio gravity i- 2.64 

0 26 

0 33 

0 40 

Sand, the size of anise seed, spedfio gravity « 2 65 

0 36 

0 40 

0.66 

Clay, loam, and fine sand 

0 60 

0 00 

0 70 

Band, the size of peas, spedfio gravity = 2 66 

0 00 

0 70 

0.06 

Oommon nver sand, speenfio gravity = 2 36 

0 70 

0.02 

1.10 

Sand, the size of boons, speoifio gravity i- 2 66 

1 07 

1.40 

1 00 

Qravd 

2 00 

2.02 

3 16 

Round pebbles, 1-in diam , spcdfic gravity •• 2,01.. 

2 13 

2.70 

3 36 

Coarse gravd, small cobblestones 

3.00 

3 03 

4.73 

Angular stones, flint, egg size, spec gravity •• 2 26 . 

3.23 

4 23 

6.00 

Angular broken stone 

4 00 

6.24 

0.30 

Soft slate, shingle 

6 00 

6.65 

7.80 

Stratlfled rook 

6 00 

7.80 

0.43 

Hard rook 

10 00 

13 12 

16 76 


1 Freeman cbJIb these experiments " crude and unreliable,” Note that speoifio gravity 
seems to be^of slgmficanoe only when considered in oonnection with size, in other words, 
total weight of particles seems to be of greatest importance 
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formulas of Bazin, These velocities, although probably untrustworthy, ^ 
are given in Table 23 as a rough indication of the relative velocities 
which were formerly supposed to result in some erosion. Such velocities 
would not necessarily have any relation to the velocities required to 
avoid deposition of sohds in flowing streams. 

Bazalgette found the following velocities in feet per second were 
necessary to move the bodies described fine clay, 0.26; sand, 0 50; 
coarse sand, 0.66; fine gravel, 1.00, pebbles l-in. diameter, 2.00; stones 
of egg size, 3.00. 

Blackwell showed by experiments made for the British Metropolitan 
Drainage Commission that the specific gravity has a marked effect upon 
the velocities necessary to move bodies, as given in Table 24. 


Table 24.— Relation between Spboific Gravity and Velocity of 
Water Necessary to Move Substances 
Hering and Trautwme’s Translation of Ganguillet and Kutter's "Flow of 

Water,” p 126 


\ 

Nature of bodies 


Velocity m feet per 
Specific gravity second necessary to 
move bodies 


Coal ... 

1 26 

1 25 to 1 60 

Coal. . 

1 33 

1 60 to 1 76 

Brickbat 

2 00 

1 I 76 to 2 00 

Piece of chalk 

2 06 

Oolite stone . 

2 17 

1 

Brickbat . .... 

2 12 

1 2 00 to 2.26 

Piece of granite . 

2 66 

1 

Bnckbat. 

2 IS 

1 2 26 to 2 60 

Piece of chalk . 

2 17 

Piece of flint 

2 66 

1 2 60 to 2.76 

Piece of limestone 

3.00 


Note that in both of the above quotations there is no discrimination 
among surface, mean, and bottom velocities. 

The Metropolitan Sewerage Commission of New York, 1910, 
assumed the velocities given in Table 25 to be necessary to move 
solid particles. 

> Ganguillet and Kutter eay. ‘‘Whether end how for theao velodtlea are reliable, we have 
not been able to determine " 
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Table 26 — Currents Necjbssart to Move Solids 
Metropolitan Sewerage Commission, New York 


Kind of material 


Velocity required to move on 
bottom 


Feet per second 


Miles per hour 


Fme clay and silt. 

0 25 

about H 

Fme sand... 

0 60 

about 

Pebbles half inch m diameter 

1 0 

about % 

Pebbles 1 m. m diameter 

2.0 

about 


In general, it is found that a mean velocity of 1 ft. per second, or there¬ 
abouts, IS sufficient to prevent serious deposition of organic sewage 
sohds upon tidal flats, if the sewage is reasonably comminuted.^ 

The interestmg experiments both of Professors Adeney and Letts of 
the Royal Commission, and Clark of the Massachusetts State Board of 
Health (the latter made m connection with Freeman’s Report upon the 
Charles Rjver Dam) conclusively point to the fact that the polluting 
organic matter is precipitated very much more rapidly in salt water 
than m fresh “ The danger of formation of sludge banks from the dis¬ 
charge of a given quantity of sewage into a body of salt water is greater 
therefore than m the case of a like body of fresh water. This is not a 
phenomenon dependmg upon the transporting power of flowing water, 
however, although it might be confused with it. 

Self-cleaning Velocities in Sewers.—The transporting capacity of 
water is important on account of its bearing upon the possible clogging 
of sewers. The actual conditions of flow m the sewers must also be 
clearly borne in mind. 

As is given in the diagrams showing the hydraulic elements of various 
sewer sections (Figs 32 to 48), the velocity of flow in any sewer laid 
upon a given grade vanes markedly with the depth of sewage flowing. 
Obviously, the quantity flowmg also varies greatly, at different hours of 
the day, and on different days, as discussed in Chap. V. At times of 
low flow of sewage, the velocity may be so low that the stream wiU bo 
able to transport only the finely comminuted suspended matter; the 
paper, street washings, and other foreign matter contained in the water 
will temporarily find lodgment upon the bottom and sides of the sewer. 
If the stranded matter is sufficient in amount, pooling of the sewage 
behind the ''obstruction will result until the pressure is sufficient to 
break through the obstruction and develop a velocity which will again 
pick up the arrested material and transport it Owing to the grease 

^ Metropohtan Sewer&ge CommiBnon of N Y , Rept , 1910, 434 
*See Yol, ili, Second Ed , p 26S 
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contained in the sewage, and because a velocity 30 to 40 per cent greater 
is required to pick up materials than to transport those already in 
suspension, the material will not be picked up again at the same velocity 
as that at which it was deposited, and obstructions may thus be formed 
and gradually budt up to a point where sufficient velocity is developed 
to maintain a channel between the surface of the deposit and the crown 
of the sewer. 

From the point of view of operation, it is important that the mim'Tnunn 
velocities assumed m the design of the sewer, when flowing one-half full, 
two-thirds full,^ or full, as the case may be, shall be adequate to keep it 
thoroughly flushed. It has been found that a mean velocity of 2H ft. 
per second wiU ordinarily prevent deposits in combined sewers, and 2 ft. 
per second will ordinarily prevent deposits in separate sewers 

Mean velocities which are sufficient to prevent deposits are commonly 
called self-cleaning velocities It is desirable that a mean velocity of 
3 ft. per secondf, or more, shall be obtained where possible, and this 
limit should not be lowered in the case of inverted siphons under ordi¬ 
nary conditions While lower minimum velocities have been used in 
some places, they have often been accompamed by more or less expense 
for removing sediment by which the sewers might m time become 
clogged. Slopes givmg as low velocity as 1 5 ft. per second have been 
used in separate sewers, but they are undesirable and are likely to lead 
to greater cost in maintenance. 

The main intercepting sewer at Columbus, Ohio, laid upon slopes of 
0.61 ft per 1,000 for the 30-m. section to 1.94 ft. per 1,000 for a 36-in, 
section, giving velocities from a minimum of 1 72 ft to a maximum of 
3.6 ft per second (assuming the sewer to flow full and n to equal 0 015), 
has given considerable trouble from the collection of large quantities 
of sediment. 

Part of the Boston Mam Drainage Works consists of a tunnel 7 5 
ft. in internal diameter and 7,166 ft long, operated as an inverted 
siphon. The ordinary velocity through this tunnel at the inception 
of the works was about 1 ft. per second To ascertain the extent of 
deposits under these conditions, water was pumped in at one end and 
the difference in level at the two ends was noted for the purpose ,of 
figuring the value of C in « = It was assumed that when 

this value approximated 137 it would indicate that there were no 
deposits. The results of these experiments are given in Table 26. 
On the basis of this assumption, these figures indicate that deposits 
occurred with a velocity of approximately 1 ft. per second and did not 
occur with a velocity of approximately 4 ft. per second (Boston Main 
Drainage Report, 1885) 

^ It IB oustomory to call the condition resulting in a two-thirds depth of flow; two-thirds 
full, Irrespective of the relative quantities flowing 
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Table 26 — Experiments at Boston to Determine Velocities at 
Which Deposits Occur 

Number of Mean velocity, Value of C m Liquid f owing 

experiment feet per second v = C-\/RS 


1 

0 929 

79 96 

Sewage 

2 

0 998 

82 00 

Sewage 

3 , 

3 988 

129 06 

20 to 26 per cent sewage, 76 to 
80 per cent salt water 

4 

0 966 

109 66 

Sewage 

5 

3 929 

120 67 

20 to 26 per cent sewage, 76 
to 80 per cent salt water 

6 

3 897 

146 31 

Ditto 

7 

4 062 

146.64 

Ditto 


Table 27 —Observations at Worcester op Velocities at Which 
Deposits Do and Do Not Occur 


Street 


Approximate 

Kmd of Size, mean veloc- Remorlcs upon 

sewer mches ity, feet per ^ deposit 

second 


Pmk 

Storm 

24 by 36 

2 06 

Egg 

Deposit occurs 

Pink 

Storm 

18 

1 47 

Egg 

Deposit occurs 

Pink 

Storm 

18 

1 46 

Egg 

Deposit occurs 

Pink 

Storm 

18 

1 17 

Egg 

Deposit occurs 

Pink 

Storm 

18 

2 86 

Egg 

Deposit occurs 

Pmk 

Storm 

18 

1 13 

Egg 

Deposit occurs 

Pink . 

Storm 

18 

2 14 

Egg 

Deposit occurs 

Bbghland 

Storm 

18 

3 74 

Egg 

No deposit 

Highland 

Storm 

18 

3 02 

Egg 

No deposit 

Highland 

Storm 

12 

2 26 

Round 

No deposit 

North 

Combmed 

22 by 33 

1 99 

Egg 

Deposit occui's 

North 

Combmed 

18 

1 94 

Egg 

No deposit 

North 

Combmed 

18 

2 26 

Egg 

No deposit 

North 

Combmed 

18 

1 72 

Egg 

No deposit 

North 

Combmed 

18 

2 61 

Egg 

No deposit 

North 

Combmed 

16 

2 66 

Egg 

No deposit 

North 

Combmed 

16 

1 64 

Egg 

No deposit 

North 

Combmed 

12 

4 63 

Round 

No deposit 

North 

Combmed 

12 

6 97 

Round 

No deposit 


The Fink and Highland street sewers form a single hne, beginning with a 12-in round 
section The figures begin at the bottom and should be read upward, There was no trouble 
until the velocity dropped to 2 14 ft per second The reason that trouble is exporlonood 
where the velocity should theoretically be 2 86 ft per second probably lies in the lint grades 
on each side of it In the cose of the North street sewer, no trouble is oxporienood until 
the lower end is reaehed, where for about 460 ft the velooity falls to 1 90 ft per second 
This IS not so low as the velooitieB at several other places, but each of the latter is preceded 
by at least one section which has a good velocity 
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H. P. Eddy,^ gives his observations upon certain sewers in Worcester, 
Mass , in Table 27. 

The Metropolitan Sewerage Commission of New York, in its sixth 
Preliminary Report, 1913, fixed from 2 to 5 ft. per second as a suitable 
range of velocities to prevent deposit from screened sewage from which 
the grit had first been removed, in a proposed siphon 2,300 ft long and 
from 8 to 9 ft. in diameter, to be laid 110 ft. below the surface of mean 
low water to carry the sewage (99,000,000 gal. a day in 1916) from 
Manhattan Island to Brooklyn beneath the lower East River. 

Minimum Allowable Grades.—^The following opimons as to safe 
practice m selecting minimum grades were furnished, in 1913, to the 
authors by the engineers whose names are given. 

In general, the minimum grades given in Table 28 for small separate 
sewers have been found safe, though steeper grades are always desuable. 
These grades are the least ordinarily permitted by the New Jersey State 
Board of Health. In its 1913 regulations govemmg the submission of 
designs, it stated: 

The sewers should have a capacity, when flowing half full, sufficient to 
carry twice the future average flow 26 years hence, plus a suflficient allow¬ 
ance for ground-water mfiltration When grades lower than those given 
are used, an explanation and reasons for the use of such grades should be 
mcluded m the engmeer’s report. 

Tablb 28 — Minimum Grades in Separate Sewers for 2-pt. Vblooitibsi 
Diameter, inches I Minimum slope in per cent 


4 

6 

8 

10 

12 

15 

18 

20 

24 


1.2 
0.6 
0 4 
0 29 
0 22 
0 16 
0 12 
0 10 
0 08 


In - 0 013 

James N Hazlchurst stated that his practice had been largely in 
connection with sewer systems m the southeastern coast states, whore 
there is much silt and runnmg sand. Mimmum grades were absolutely 
necessary to accomphsh anything and he generally used grades lower 
than those recommended in textbooks. The minimum grade for each 
size of pipe sewer, which he ordinarily permitted, was 6-in. sewer, 

1 Jour. Asaoo. Eng. Soo., 1904; SS, 235. 
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0.33 per cent; 8-iii., 0.26; lO-in. 0.20; 12-in., 0.17; IS-in., 0.15; IS-in, 
0.12; 20-in., 0.10; 24-in., 0.08. When sewers were properly constructed 
he reported that he knew of no trouble from deposits when the grades 
were not lower than those stated. In Way cross, Ga , there were 8-in. 
pipe sewers on grades as flat as 0.24 per cent, which operated without 
giving trouble; on a few grades which were as flat as 0.10 per cent, 
however, the sewers were clogged from time to time and had to be 
rodded out. 

Charles B. Burdick stated that it was the practice of Alvord and Bur¬ 
dick to secure grades that would give a velocity of 2 ft. per second in 
separate sewers flowing full or half full, and to reduce this to IH ft. 
per second, if necessary. Even on such grades they used flush tanks at 
the summits of the laterals, and if these velocities could not be obtained, 
special flush tanks were usually installed. On combined sewers they 
endeavored to secure 3 ft. velocity, but reduced it to 2 ft. if necessary. 
He stated: 

It is our practice to get all the grade we can at reasonable expense, and 
if it is impossible through physical conditions or cost to get the grade 
desired, we usually instal some means for flushmg, with the idea of removing 
deposits. We have m several cases installed a specially capacious flush 
tank at the head of a main where an unusually flat grade is used, these 
especially flat grades commg more commonly on mamH than laterals. 

Oeorge O. Earl stated that the standard minimum grades for sewers in 
New Orleans, given in Table 29, were occasionally disregarded, because 
it had been necessary in some oases to lay considerable 8-in pipe on 
grades as low as 0 26 per cent. The aim is to have a velocity of 2 ft. 
per second in a half-full 8-in. pipe, and a slightly increasing velocity in 
half-full sewers as the size mcreases. The sewers were of vitrified pipe 
up to 30-m. diameter, and either brick or concrete in larger sizes. Some 
of those over 30 in. in size are semielliptical m section, but on account of 
constant infiltration the volume of flow is suflioient at all times to render 
circular sections fairly satisfactory. 

Better bottom grades are usually obtained in the drainage system at 
New Orleans, than in the sewers. The main drains have a V-shaped 
bottom, with transverse slopes of about 1:4; they are 4 to 25 ft. wide, 
with good bottom gradients which give velocities of 6 to 10 ft. per 
second when running full. The laterals enter them with inverts flush 
with the bottom at the sidewalls, and thus have the maximum grade 
practicable. Earl stated that the dramage system, particularly 
the vitrified pipe laterals from 10 to 30 in. in diameter, receive street 
washings and sweepings m dry weather when the flow is inadequate to 
remove them, and, consequently, a good deal of flushmg and cleaning is 
required on account of these dry-weather accumulations. 



VELOCITIES AND GRADES 


126 


Tablb 29— Minimum Ghadbs on New Orleans Sewers 


Diameter, 

Slope, 

mches 

per cent 

8 

0 33 

10 

0 26 

12 

0 21 

16 

0 107 

18 

0 133 

21 

0 114 

24 

0 100 


Diameter, 

Slope, 

mches 

per cent 

27 

0 100 

30 

0 091 

33 

0.083 

36 

0 083 

39 

0 077 

42 

0 071 

46 

0.067 


Diameter, 

Slope, 

mches 

per cent 

48 

0 062 

61 

0 069 

64 

0 066 

67 

0 063 

60 

0 060 

63 

0 060 

06 

0 060 


George W. Fuller stated that his drafting-room practice for separate 
pipe sewers was based on a 2-ft. velocity when half full, with a coefficient 
of roughness, n, of 0.013. This coefficient is also used for concrete 
sewers 24 in. in diameter and over, and 0.015 is used for brick sewers. 
Rather than go to the expense of pumping where the grades tend to make 
it necessary, the slopes giving the velocities mentioned are sometimes 
flattened. This is done, however, only after a careful examination of 
local conditions on the ground, and is not normal office practice. For 
instance, at Vincennes, Ind., in a sewerage system designed about 
1910, Fuller made use of grades of 0.3 per cent with 8-in. pipe 
and in some cases a grade of only 0.26 per cent was used. J. E. 
McChntock reported subsequently for FuUer that an examination 
of the Englewood, N. J., sewerage system revealed a number of sewers 
with very low grades, which were apparently qmte satisfactory. Six- 
inch sewers were discharging freely with grades as low as 0.35 per cent, and 
there were cases of 12-in. pipe with a grade of about 0.10 per cent, 
and 8-in. pipe with grades of 0.10, 0 16, and 0 20 per cent in satisfactory 
operation. There were other sections of this same system, however, 
where sewers with grades apparently no lower were partly clogged. 

Fuller stated that m the case of separate sewers he was of the 
opinion that the depositing velocities would not have appreciable sig¬ 
nificance if substantially every day there were periods when the velocity 
approached 28 in. per second or more, and that he stated carefully to 
clients that where the slopes of sowers, more than two or three blocks 
removed from flush tanks at the head of a hne, showed a velocity of 
less than 20 in. per second, care should be taken to flush the sewers 
either by a hose or some equivalent. In the case of combined sewers, 
he endeavored to secure a nominal minimum velocity of 2J^ ft. per 
second. In practically every case where he has had occasion to study m 
detail the condition of such sewers, a heavy grit has been found deposited 
in them. If these deposits were not removed, they apparently decom¬ 
posed and became more or less cemented by ferrous sulphide. The 
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result was that scouring velocity applicable to ordinary street wash 
would no longer suffice. This he found quite marked in Elizabeth, 
N. J., although the data are too meager to find place in a record of 
accurate information 

C. E Grunsky stated that the minimum grades in Californian cities, 
reported to him by the engineers of the places named, were as given in 
Table 30. The city engineer of Stockton said that the grades in that city 

Table 30— Minutum Grades in California Cities, Per Cent 


Size, 

inches 

Stockton 

Fresno 

6 

0 2 

0 16 

8 

0 143 

0 1 

10 

0 139 

0 1 

12 

0.1 

0 1 

16 



18 - 




Modesto 

Visalia 

Sacramento 

0 16 

0 3 

0.26 

0 16 

0.24 

0.2 

0 2 

0 143 

0.16 

0 162 

0 143 

0.12 

0 09 

0 1 



have caused no trouble during the 26 years the sewers had been in service; 
these sewers carry only sewage, ram water being excluded. Onco in a 
great while they have had some trouble from deposits at Fresno, due 
to sluggish flow, accordmg to the city engineer. The city enginoer of 
Visaha stated that he had made float measurements in the sowers and 
found that the actual minimum velocity when they were running one- 
third to one-half full, was 1 1 ft. per second in 10-m. sewers, and a veloc¬ 
ity of 1.75 ft. per second was observed in an 18-in. sewer half full. The 
light grades caused no trouble in that city The city engineer of 
Sacramento stated that the depth of flow in the sewers of his city did 
not average one-fourth of their diameters; in no case had there been 
any offensive deposits. 

T. Chalkley Hatton in experiments with two 24-in. sewers discharging 
creek water carrymg considerable clay, the grade being 0.077 per cent, 
found no appreciable sediment with the following depths in inches and 
velocities in feet per second. 


Depth ... .6 12 12 

Velocity . 1 21 2.35 1.70 


Alexander Potter stated that his general practice was to lay all sowers 
at grades givmg a velocity, when half full, of at least 2 ft. per 
second and preferably 2^ ft. With grades giving velocities much less 
than 2 ft per second when half fuU, flushing and frequent clean¬ 
ing are necessary. In order to avoid pumping or costly construction, 
however, Potter has used very flat grades at times. At Harrison, 
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N. Y., about 5,000 ft. of 20-in. sewer were laid with a fall of only 0.11 per 
cent. As the average flow will never more than quarter flU the pipe, 
arrangement has been made to flush it automatically once a day At 
Kingsville, Tex., in order to avoid pumping, sewers flushed automati¬ 
cally once a day have been laid on grades as low as 0 1 per cent for 18-in. 
and 15-in., 0.15 per cent for 12-m , 0 2 per cent for 10-in., and 0 33 per 
cent for 8-in. In the southern part of Texas where the land is very 
flat many 8-in. sewers have been laid with a fall of only 0.20 per cent. 
In Corpus Christi, Tex., Potter found that practically all 8-in. 
laterals had been laid with a minimum grade of 0 2 per cent, and were 
kept clean by frequent flushing. 

The authors' practice (1928) is to endeavor to secure a velocity of at 
least 2 0 ft. per second in separate sewers and of 2 5 ft. per second in 
combined sewers, usmg n = 0 016 for pipe sewers 24 in and smaller. 
There are instances, as noted in connection with the Worcester data, 
where lower velocities may be permitted if there is a high velocity imme¬ 
diately above or below. The actual velocity in the flatter length of 
sewer may then be higher than the computed velocity based upon the 
elope. AU such cases would require special study before permitting a 
variation from the above limiting velocities. 

Relation between Velocity and Depth of Flow in Sewers.—It is 
important to boar in mind that the velocity of flow in conduits in which 
the depth is slight is materially less than when full or nearly full This 

Table 31— Slopes Required to Produce a Velocity op 2 0 Ft per 
Second in Pipe Sewers, at Various Depths op Flow and with 
Various Assumed Values op n 
Slope in feet per 100 

Sewer full or half full Sewer one-fourth full 

Diameter of ' 


pipe, mches 

n = 

71 = 

71 = 

71 = 

71 = 

71 = 

71 = 


0 013 

0 014 

0 016 

0 016 

0 016 

0 016 

0 017 

4 

1 25 

1 48 

1 84 

2 17 

4 88 

6 68 

7 10 

6 

0 67 

0 81 

0 98 

1 14 

2 37 

2 82 

3 41 

8 

0 44 

0 63 

0 62 

0 76 

1 46 

1 71 

2 02 

10 

0 29 

0 35 

0 42 

0 60 

1 02 

1.17 

1 37 

12 

0 21 

0 26 

0 31 

0 37 

0 76 

0 88 

1.04 

16 

0 16 

0 19 

0 23 

0 27 

0 63 

0 62 

0 74 

18 

0 12 

0.14 

0.17 

0 19 

0 39 

0- 46 

0 63 

21 

0 10 

0 11 

0 14 

0 16 

0 31 

0 36 

0 43 

24 

0 08 

0 10 

0 11 

0 13 

0.26 

0 29 

0 34 

27 

0 07 

0 08 

0 09 

0 11 

0 21 

0 24 

0 29 

30 

0 06 

0.07 

0 08 

0 09 

0 18 

0 20 

0 23 
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consideration may be of particular importance with pipe tsowers, in 
which, as pomted out in Chap II, there are some experimental indica¬ 
tions that the value of n mcreases as the depth of flow decreases. 

For the larger sizes of sewers it is most convenient to compare the 
hydraulic elements for various depths of flow by means of diagrams 
such as Figs. 32 to 48 For pipe sewers, Table 31, showing the grades 
required to produce a velocity of 2.0 ft. per second for various depths of 
flow and with various assumptions as to the value of w, will be found 
useful. 

HYDRAULIC ELEMENTS OF SOME STANDARD SEWER SECTIONS 

In Figs. 32 to 48, inclusive, are given the hydraulic elements of 
certain standard sewer sections, which have been figured by the applico- 



BdHo of Hydraulic Elements of Filled Segmenttgthote of EntlreSecHon. 

PiQ. 32—Hydjaulio elements of small circular section by Kuttor's formula, 
n - 0 015, S - 0 006, D 1 ft , area 0 786D>, wettod porimotcr - 3.M1H/), hydraMlin 

radius 0 2&0D. 


tion of the pnnciples outhned in Chap. II. The computation of the 
elements of sewer sections other than the circular is a rather long iiroeoss 
and can be considerably lightened by using a planimeter whore extreme 
accuracy is not required. 

It must be remembered that, while the areas and hydraulic radii 
are computed by geometry, and depend only on the shape and size of 
the section, the other hydrauhe elements shown are correct only for the 
particular sizes, slopes, and values of n, stated below the diagrams. 
They must, therefore, be used with caution, for conditions varying from 
these 
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Ratio of Hydraulic Elements of Filled Segmentto those of Entire Section, 

Fig. 33.—Hydraulic olemonta of large oiroular aeotion by Kutter'a formula 
« ■■ 0 013: <S “ 0 0003, D ■■ 7J^ ft , area = 0 7861)*, wetted perimeter ■■ 3.1416l>; 
hydraullo radius 0 260D. 


n 



Ratio of the Hydraulic Elements of the Filled Segment 
to those of the Entire Section 


Fig. 34,—Hydraulic elements of egg-shaped section, 

0 016: S » 0 000626, H - 4 ft , D - 6 ft - 1 264 dlam equiv drole: F • 
diam oQuiv cirole: area " 1 1486F* " 0 6106F*, B “ 0.2897H “ 0 1931F, 


0 836 
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Ratio of the Hydraulic Elements of the Filled Segment 
tothoee of the Entire Section 

Fig 36.—Hydraulic elementB of catenary Beotion. 
ji *= 0 016, S — 0 000333, D — 7 44 ft , vertical diameter ■■ D ■■ 1 003 diam oquiv. oirolo; 
area - 0 70277D», fl - 0 231722) 



Ratio of the Hydraulic Elements of the Filled Segment 
to those of the Entire Section 


n ■ 
cnrole 

R - 


Fig 36 —-Hydraulio elements of gothic section. 

■ 0 M6 , 5 = 0 000607; ff = 3 ft, horizontal diameter - 7/ - 0.0107 dIam, oquiv. 
A 11060 “^“1 equiv circle, area - 0 0634/7» -■ 0.05642)’; 

U 27o7a * 0 2269^ 
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n 



Ratio of the Hydraulic Elements of the Filled Se3mcrrt 
to those of the Entire Section 


Fia. 37 —Hydraulic olementfl of basket-handle section 
0 016; S 0 000333, D » 8 ft 10 m ; vertical diameter i- D i- 0 000 diam. eqmv 
oirole, area 0 7862Z>>, 12 » Q 2464i>. 



Fiq. 38.—Hydraulic elements of horseshoe section, Waohusett tjrpe, by Eutter’s 
^ formula. 

n - 0 013: 5- 0 0003 
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i^otlo of Hydraulic Elemerds of Filled Segment-toHiouaf Entire Section. 

Fiq. 39.—Hydraulic elements of horseshoe section, Wachusett typo, by Euttor's 

formula. 

n ■= 0 013, S 0 0003, D “ 7 ft , honzontal diameter, H ■■ 7 ft 8 In , area 44 74 
eq ft ■■ 0 913D“, wetted penmeter = 24 26 ft. —SiOGD, hydmullo radius 1841 
ft - 0 2631) 


0 Ip, -iO 3,0 4p SjT Ar8a(8q.fV) 
_,„OjOO. 1W0£ Oit 10 17 14 I'S It 20 HvdraullcRadius (ft> 



I A- / 

‘ '/ 



. . i ! 2!o , i j j 3'o Velocity (ft. perwa) 

0 10 20 30 40 50 60 70 60 30 lOO 110 120 130 140 150 Discharge (cu.1t. per sec.) 
Fig. 40.—Hydraulic elements of special somielliptical section by Kutter's 

formula. 

n - 0 013; 5- 0 0003. 



Depth In Feet. 
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Fig. 41 —^Hydraulic elomentB of LouisviLle aemielliptic aeotion by Kuttor’a 

formula 

n •• 0 013, iS 0 0003, D » 7 ><j ft , area 0 78311)*, wetted perimeter » 3 20D; hydrauUe 

radius 0 2421) 


T) 1.0 2D 3D 4D 5.0 Area {sq fr.) 



Pig. 42,— Hydraulic elements of semielliptic section by Eutter's formula. 


n - 0.013, 8 - 0 0003. 
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Ratio of Hydraulic RIemenrti of Filled Segment tothoseof Entire Section 
Fig. 43.—Hydraulic elements of special Bemielliptical section by Kuttor’s 

formula 

n ■■ 0 018, 5 0 0003, D 7 ft , hoiuontal diameter, H ■» 8 ft 4 in , area ■■ 0.0Z)> 

44 1 B<i. ft, wetted perimeter 3 608D 24 66 ft , hydrauhe radius 0 26611 1 79 ft 



Fig. 44.—Hydraulic elements of Gregory's semielliptioal sootlon. 
n - 0 016, <S - 0 0006, Z7 - 10 ft.; area - 0.8176211 
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Fig. 45.—Hydraulic elements of parabolio section. 

0 018, S ■■ 0.001, 2) ■■ 7 ft 4 In : area ■■ 0.7442)*, hydraulio radius «■ 0 22462). 



to those of the Entire Section. 

Fig. 46. —Hydraulio elements of U-shaped section. 

0 018: 5 ■■ 0.002 , 2) ■■ 2 ft 6 in , area ■■ 0 64882)*, hydraulio radius - 0 20472). 
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jPiG. 47 —Hydraulio elements of reotangular section. 
n - 0 013, S - 0 001, D - 6 ft 
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No allowance has been made in any of these diagrams for change in 
the value of the coefficient n in the Kutter formula which may occur 
with change in the depth of flow, as previously noted m Chap. II 

Table 32 gives additional data regarding these same sections as well 
as others. Among other data, the table gives the wetted area and mean 
hydraulic radius of the filled sections in terms of the vertical diameter, 
and the relative value of the vertical diameter of the section in terms 
of the diameter of the equivalent circular section. By equivalent 
section is meant that section which has the same carrying capacity for 
a given slope and friction factor. The tables also give the actual siae, 
elope, and friction factor upon which the table and curves were 
computed 

That there wiU be a slight difference in the hydraulic elements for 
various depths of flow, depending on the size of the section for which 
the diagram is computed, is shown by the first two Imes of Table 32. 
The first line gives some of the hydrauhc elements of a circular section 
based on a 12-m pipe where S = 0 006 and n = 0 015. The second 
Ime was computed on the basis of a circular section 7 ft 6 in. in diameter, 
S = 0.0003 and n = 0.013. The change m the value of n was made 
on account of the authors’ practice which assumes 0 015 for pipe sewers 
and 0.013 for large concrete sewers. The slopes were also changed in 
order to approximate the slopes usually adopted m practice for the 
respective sizes. 

Table 33 gives the principal hydrauhc elements of the horseshoe 
section, Boston type, for various sizes of sewer. 

As previously stated, that section is the best which for varying depths 
of flow the hydraulic mean radius most nearly constant. 


t 
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Table 33 —Values oe Hydraulic Elements of Horseshoe Sewer 
OF Proportion Shown in Fig. 113c Computed by Boston Sewer 
Department Using Kuttbr’s Formula with n = 0 013 and 

= 0 001 


Diamotor 

Area, 

a, square feet 

Hydraubo 

Wetted 

aCVR. 

Vs 

Ft 

1 ^ 

mean radius 

R, feet 

penmeter 
p, feet 

3 

0 

7 404 

0 762 

9 801 

720 1 

3 

1 

7 807 

0 782 

10 002 

773 3 

3 

2 

8 334 

0 805 

10 367 

836 7 

3 

, 3 

8 7S0 

0 825 

10 018 

803 0 

3 

4 

9 loe 

0 845 

10 870 

053 5 

3 

6 

0 670 

0 805 

11 173 

1,010 5 

3 

e 

10 150 

0 880 

11 434 

1,001 0 

3 

7 

10 032 

0 000 

11 005 

1,168 0 

3 

8 

11 171 

0.033 

11 080 

1,230 0 

3 

0 

11 002 

0 052 

12 251 

1,313 3 

3 

10 

12 100 

0 973 

12 402 

1,380 7 

3 

11 

12 746 

0 005 

12 807 

1,479 1 

4 

0 

13 200 

1 016 

13 068 

1,561 7 

4 

1 

13 808 

1 043 

13 320 

1,663 7 

4 

2 

14 422 

1 069 

13 023 

1,746 6 

4 

3 

14 980 

1 079 

13 884 

1,837 2 

4 

4 

16 640 

1 000 

14 145 

1,031 0 

4 

6 

10 206 

1 122 

14 430 

2,040 4 

4 

e 

16 794 

1 142 

14 701 

2,141 0 

4 

7 

17 300 

1 103 

14 002 

2,243 2 

4 

8 

18 087 

1 180 

15 266 

2,301 4 

4 

0 

18 712 

1 206 

16 518 

2,474 1 

4 

10 

10 348 

1 220 

16 778 

2,585 1 

4 

11 

20 077 

1 240 

16 073 

2,716 8 

6 

0 

20 733 

1 200 

10 335 

2,837 3 

6 

1 

21 40-1 

1 200 

16 505 

2,050 3 

6 

2 

22 167 

1 313 

10 880 

3,101.6 

6 

3 

22 858 

1 333 

17 161 

3,231 8 

6 

4 

23 560 

1 353 

17 412 

3,302 0 

6 

6 

24 305 

1 376 

17 706 

3,518 1 

5 

e 

25 087 

1.300 

17 068 

3,658 6 

5 

7 

25 824 

1 417 

18 220 

3,801.4 

6 

8 

20 002 

1 430 

18 523 

3,064 0 

6 

0 

27 420 

1 400 

18 785 

4,118 2 

£ 

10 

28 188 

1 480 

10 045 

4,270.7 

6 

11 

20 068 

1 603 

10 330 

4,447 3 

e 

0 

29 850 

1 523 

10 602 

4,012 0 

0 

1 

30 055 

1 543 

10 802 

4,774 6 

e 

2 

31 563 

1.550 

' 20 166 

4,051 5 

B 

3 

32 302 

1,687 

20.418 

5,138.5 

6 

4 

33 231 

1 607 

20 670 

6,313 5 

e 

5 

34 184 

1 630 

20 073 

5,517 6 
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Table 33. —Values op Htdraxjlio Elements op Horseshoe Sewer 
OP Proportion Shown in Fig 113c Computed by Boston Sewer 
Department Using Kutter'b Formula with k = 0 013 and 
5= 0 001. — (Continued) 


Diameter 

Area 

a, equore feet 

Hydraulic 

Wetted 

= aCy/R, 

Va 

Ft 

1 

moon radius 

R, feet 

perimeter 
p, feet 

e 

e 

36 038 

1 660 

21 234 

6,000 0 

e 

7 

36 008 

1 671 

21 406 

6,870 1 

6 

8 

36 806 

1 603 

21 700 

6,106 7 

e 

0 

37 783 

1 713 

22 061 

6,301 1 

e 

10 

38 687 

1 734 

22 310 

6,601 3 

e 

11 

30 716 

1 767 

22.608 

0,730 4 

7 

0 

40 636 

1 777 

22 868 

0,044 3 

7 

1 

41 673 

1 708 

23 120 

7,168.2 

7 

2 

42 634 

1 820 

23 423 

7,402 0 

7 

3 

43 688 

1 840 

23 684 

7,021 6 

7 

4 

44 474 

1 867 

23 046 

7,846 1 

7 

S 

46 666 

1 884 

24 240 

8,000 7 

7 

e 

46 648 

1 004 

24 601 

8,330 4 

7 

7 

47 648 

1 020 

24,762 

8,670 8 

7 

8 

48 770 

1 047 

26 066 

8,837.0 

7 

0 

40 810 

1 067 

26 318 

0,078 2 

7 

10 

60 844 

1 088 

26 680 

0,334 0 

7 

11 

\ 

62 010 

2 011 

26 873 

0,610 1 

8 

0 

63 076 

2 031 

26 134 

0,802 0 

8 

3 

66 444 

2 004 

26 061 

10,723 0 

8 

e 

60 017 

2 168 

27 768 

11,001 6 

8 

0 

63 401 

2 221 

28 686 

12,634 6 

0 

0 

67 173 

2 286 

20 401 

13,634 6 

0 

3 

70 066 

2 340 

30 218 

14,600 0 

0 

e 

74 844 

2 412 

31 036 

16,662 7 

0 

0 

78 833 

2 476 

31 861 

10,066 6 

10 

0 

82 030 

2 636 

32 668 

17,700 0 

10 

3 

87 126 

2 602 

33 486 

10,027 0 

10 

e 

01 430 

?..eee 

34.301 

20,248 3 

10 

0 

06 834 

2 720 

36 118 

21,562 0 

11 

0 

100 345 

2 703 

36 036 

22,003.6 

11 

3 

104 066 

2.866 

36 762 

24,207 0 

11 

e 

100 676 

2.020 

37 60S 

26,718 6 

11 

0 

114 403 * 

2 083 

38 386 

27,220 0 

12 

0 

110 410 

3 046 

30 202 

. 28,767.3 

12 

3 

124 447 

3 110 

40.018 

30,380.7 

12 

6 

120 678 

3 174 

40 835 

32,032.0 

12 

0 

134 811 

3 237 

41.652 

33,717.0 

12 

0 

140.162 

3 301 

42.408 

36,470 6 
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CONDITIONS OF FLOW ASSUMED IN DESIGN 

In determining the proper size of sewers, it is first necessary to assume 
the condition of flow which is to exist in the sewers at time of maximum 
runoff There is no uniformity of practice at the present time. It is 
the authors’ practice to design sewers of all sizes on the assumption 
that they will flow full at times of maximum runoff. Some engineers 
assume that large sewers will be filled to the point of maximum discharge 
at times of maximum flow, and some assume that pipe sewers, at least 
in the smaller sizes, should carry the maximum estimated quantity 
when flowing half fuU. 

There must always be some uncertainty as to the accuracy of estimates 
of quantity of sewage or storm water upon which the designs are based. 
Whatever provision should be made for unusual increments of flow or 
for factor of safety may be accomplished by suitable increases in the 
quantities assumed for design, proportioning the sewers to carry these 
amounts when full This method permits the direct application of 
judgment and the results of experience, and would seem more likely 
to result m proper design than the makmg of a blanket allowance, as in 
designing sewers to flow half full. 

Examination of Sewer Design with Reference to Minimum Flow 
Conditions.’—Economic considerations generally require the construc¬ 
tion of main or intercepting sewers to meet future rather than present 
needs The length of the period to be considered will be determined 
by the attendant circumstances, but in general such sewers are designed 
to meet the needs of a period of from 30 to 50 years in the future. As a 
result of this, the flow m the sewer for a long period of time will be much 
below the normal for which it is designed. 

It is necessary, therefore, after designing a sewer for a given service 
in the future, to consider the actual conditions of operation likely to 
anse under dry-weather or minimum flow during the first few years 
after its construction, in order to make certain that the velocities will 
not be so low, for significant periods of time, as to cause serious deposits 
in the sewer, the removal of which would involve unwarranted coat. 
The construction of a sewer to serve for the long periods assumed above 
would be unwarranted if the cost thus resulting should exceed the cost 
of building a smaller sewer m the first instance, to serve for a shorter 
period of time and until the anticipated growth had developed in some 
degree, and then building a second sewer to take care of the additional 
sewage flow resulting from the added growth. While the latter plan 
would mvolve greater cost of construction, enough might be saved m 
fixed charges and m the cost of operation, in the early years of the use 
of the sewer, to more than cover this moreased cost. 

> See, alao, Ohap VI on Separate Sewers, and Chap IX on Storm Drains and Combined 
Sewers 



Table 34 —Size op Pkoposbd Aoubhnet Intekcbpting Sbwbk, New Bbdpord, Mass , Based upon Mbtcalp 

AND Eddy's Ebtuiatb op Required Capacities 
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amounts corresponding to selected sizes of sewers, where other figures denote required figures 
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An example of such a computation is shown in Table 34. It will be 
noted in column 14 that the estimated velocities under full flow, 30 
years after the construction of the sewer, range from 2 4 to 3.1 ft. per 
second, whereas the velocities for the anticipated dry-weather flow at the 
begmnmg of the period range, in general, from 1.7 ft to 2 1 ft. per second, 
though at the head of the sewer, velocities as low as 1.1 ft. per second 
were anticipated. 

In such a consideration of cost proper weight should be given to the 
inconveniences to the public resulting from the construction of the 
second or relief sewer, to the changes m real estate development likely 
to take place and to affect the cost and practicabihty of obtaining rights of 
way, and to any unfavorable conditions of flow which may be caused by 
carrjdng portions of the sewage in two sewers instead of concentrating 
the flow in one sewer. 

Where velocities are to be moderate or low, it is desirable that the 
sewer sections and slopes should be so designed that the velocity of flow 
will increase progressively, or at least that appropriate velocities will 
be mamtained, in passing from the inlets to the outlet of the sewer, 
so that solids washed into the sewer and picked up and transported by 
the flowing stream may be earned through and out of the sewer, and 
not be dropped at some pomt owing to a decrease m velocity. 

It is obvious that the velocity of flow is but one of many factors 
involved which must be given consideration in such an economic study; 
nevertheless, it is one which should be carefully weighed and not lost 
Bight of. 

Velocity in Submerged Sewers.—Computations relative to the dry- 
weather and minimum flows in submerged sewers, particularly such as 
sewer outfalls, must also be made, for here the conditions tendmg toward 
clogging of the sewer are particularly aggravated. Unless grit chambers 
or other devices for removing the heavy mineral matter are provided, 
the danger of clogging may be serious. This danger arises from the fact 
that where the pipe is submerged, flow takes place in the entire cross- 
section, and with a given rate of flow the velocity may thus be reduced to 
exceedingly small limits 

Fortunately, however, the matter in suspension, if of organic character 
only, tends to remain in a semifloooulent condition, buoyed up in part 
on account of its low specific gravity and in part by the gas formed 
by its putrefaction, so that if the sewer does discharge under 
substantial velocity from time to time during the day, or even at 
longer intervals, the flow may maintain the sewer reasonably free from 
clogging deposits. 

If such outfalls are into salt water, the effect of the difference in specific 
gravity of the two liquids is to be borne in mind, as well as the fact' 
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that in salt water the suspended organic matter is precipitated more 
quickly than in fresh water. ^ 

Flush Tanks for Dead Ends.—The difficulty of obtaining adequate 
velocities of flow in the extremities of the sewer pipe S 3 ^tem, where the 
grades are very flat, is met by the use of flush tanks or by flushing the 
sewers periodically in other wa}^. Such devices, though necessary 
under certain conditions, are at best a source of annoyance and expense 
on account of the difficulty of making them operate at regular intervals 
automatically and of the expense of furnishing water for the purpose of 
flushing Moreover, the action produced m the sewer by the discharge 
from the flush tank is a purely local one, as the influence of the flood wave 
18 felt for but a short time and to a comparatively short distance, as 
explained m Chap. XVI. 

MAXIMUM VELOCITIES 

Eroding Effect of High Velocities.—Most of the evidence available 
indicates that the erosive effect of clean water flowing at high velocities 
is so shght as to be neghgible. F. C. Scobey, in Bull. 862, U. S. Bureau 
of Agriculture, gives a photograph showing that after 8 years the paint 
marks on the interior of the concrete lining of the Niagara Falls power 
tunnel were still clear, although subjected to water flowing with a 
velocity of 28 ft. per second. On the other hand, the second annual 
report of the CMassachusetts) Metropolitan Water and Sewerage Board 
cites a case in which granite and cast iron in the bottom of a gate 
house at one of the dams had been badly eroded in 8 years. It seems 
probable, however, that this action resulted mainly from the effect of 
a vertical drop rather than from the high velocity of the flowing water. 

Erosion, of Sewer Inverts.*—The erosive effect of sewage upon sower 
inverts of different kinds would be unimportant in the case of the separate 
system were it not for the fact that sand, gravel, or other silioious material 
does find its way into many such sewers. In the combined system, 
which has to deal with larger quantities of siheious material as well as 
with rain water and sewage, the effect may be more important. The 
rapidity of the erosive action will depend not only upon the velocity 
of flow, but also upon the character of the material transported, 
arenaceous material, on account of its greater hardness, being 
much more destructive in its influence than argillaceous or limestone. 
Vitrified sewer pipe is resistant to erosion and has been laid suc¬ 
cessfully upon very steep grades. In large combined sewers, it has 
generally been customary to hne concrete or brick sowers, in the 
iuvert at least, with vitrified brick, where the velocity of flow is in 
excess of 8 ft per second, although some engineers have used as low a 

I Compare Vol ui, p 208 ‘ 

* See also duoueaion on "Wear of Sewer Inverts" on p. 452. 
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limit as 4 ft. per second. Wrought-iron or steel inverts have been 
used in some very steep sewer outfalls; in others, a depressed channel 
has been made in the main sewer, lined with split the, vitrified brick, or 
steel, large enough to carry the dry-weather flow, the remainder of the 
invert bemg formed m concrete or lined with vitrified brick so that in 
case of need of repairs, it should be possible to get into the sewer during 
the dry-weather season to make the repairs without interruption of 
service. 

The Metropolitan Sewerage Commission of New York reported in 
1910, with reference to erosion in the outlets of the sewers inspected, 
that few cases were found where the bricks of the inverts were actually 
worn away. In a few places in the upper west side of Manhattan, the 
upstream edges of the bricks were rounded off as a result of the high 
velocity of the sewage flow. In a large number of the sewers, the mortar 
was worn from the joints in the brickwork of the invert. In some 
places the mortar had been worn away only to a slight depth while at 
other places it had been cut out by the sewage to the full depth of the 
brick. 

In combined sewers at St Louis, with grades ranging from 0.2 to 2 
per cent, averaging about 0.5 per cent for sewers more than 5 ft. m 
diameter, and about 1 per cent for those of smaller sections, vitnfied- 
clay pipes were stated by E. A. Hermann^ to show no appreciable wear 
after about 36 years use, vitrified-briok inverts to show no appreciable 
wear after about 12 years, and inverts of ordinary sewer bride to show 
some wear after about 3 years’ service and from 2 to 4 in. wear after a 
use of 30 years. 

The 14-m. cast-iron siphon at Norfolk, Va., noted on page 699 was 
worn through at two points after 39 years’ service, a V-shaped groove 
having been worn in the invert. 

For reference to repau^ of worn mvert see Vol. II, First Ed., p. 616. 

^Bng, Nem, 1004; Bl, 120. 
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MEASUREMENT OF FLOWING WATER 

Methods of Measurement.—The flow in or discharge from sewers or 
drains may be measured more or less closely by the following methods, 
the choice depending upon the purpose of the measurement and the 
conditions found: 

1. By weighmg the discharge for a given period of time in tanks or 
other receptacles. 

2. By measuring the discharge for a given period of time m tanks or 
other receptacles, the contents of which can be accurately gaged. 

3. By orifice. 

4. By weir. 

5. By meter of the Venturi type. 

6 . By Venturi flume. 

7. By current meter. 

8 . By floats, dyes, chemicals, etc. 

9. By computation from observed depth of flow and slope, where a 
condition of steady, uniform flow exists. 

10. By computation from observed depth of flow at a critical section, 
when a condition of steady nonumform flow exists. 

The use of the Pitot tube, which has proved so useful in water-pipe 
gagings, is impracticable in sewer gagings, on account of the suspended 
matter contained m the sewage. Water meters containing moving 
parts are also inapphcable for the same reason. Nozzles are generally 
of httle use on account of lack of pressure 

In the foUowmg paragraphs will be found a brief discussion, with 
accompanying formulas, tables, and curves for convenience in computa¬ 
tion, relatmg to measurement by orifice, weir, Venturi-type meter, 
Ventun flume, current meter, and floats, dyes, and chemicals 
^ The application of the formulas discussed in Chap II to the estima¬ 
tion of the quantity of sewage flowing in a sewer requires no explanation, 
the method being at best on approximation dependent upon the steadi¬ 
ness of the flow at the time of observation and the precision with which 
the coeflacient of roughness is assumed for the existing conditions. 
Nevertheless, this method (No. 9 above) is the one winch has been most 
used m ordinary sewerage work, and is sufficient for the needs of the 
superintendent of sewers in his everyday practice. For special investi- 
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gations, one of the other methods suggested should generally be used. 
The method selected will depend upon the facihties at hand, the degree 
of precision required, and the conditions under which the sewer was 
built and is operating. When it is practicable to ensure a cntical section 
at some point, and to keep a record of depths at that point, computations 
based thereon should give results which are free from some of the inac¬ 
curacies of method No. 9.^ 

For a further discussion upon the measurement of flow in sewers, 
reference may be had to Chap X 

Discharge through Orifices.—In accordance with Torricelli’s theorem 
that the velocity of flow through an orifice is equal to the velocity 
acquired by a freely falling body in a space corresponding to the head 
over the orifice, the discharge through an orifice is 

Q = cAv = cA\/2gH 

One reason for the need of the coefficient c, is the fact that the cross- 
section of the jet, at a point a short distance outside the orifice, has 
generally a somewhat smaller area than that of the orifice itself, the 
reduction m area depending upon the character of the orifice. When 
the edge is sharp so that the water does not''adhere to the orifice, the 
coefficient is at a minimum or the reduction in area is at a maximum. 
When, on the other hand, the orifice is shaped to a bell mouth, the 
coefficient is at a maximum and the cross-section of the jet may be 
nearly equal to that of the orifice itseK. 

The section at which this reduction in area is at a maximum is known 
as the “contracted vein’’ and experiment mdicates that the velocity of 
the water follows Torricelh’s law literally in this section. The section 
of the contracted vein generally lies at a distance from the orifice of 
five-tenths to eight-tenths of its least diameter. 

Table 36, from Hughes and Safford’s “Hydraulics,’’ shows the 
approximate variation in coefficients of discharge for a circular orifice 
of diameter 0.033 ft. and for heads of from 1 to 10 ft. 

1 The oommlttoe of the Am Soo C E on Irrigation HydrauUos reported in January 1928 
(Proc, Am, Soo, C B , March 1928, 179) that "the experimental work done at Ft Colhna 
during the post eummor on the Critical Depth Flow Meter hae not been oonelueivo For 
Bome reason, os yet unexplained, the device appears to be more sensitive to submergenee 
than woB expected.” 
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Table 35.— ^Appboxoiate Vabiation in Cobppicibnts 



1 

B 

C 


• 

D 



ISO® 

ISTM" 

136“ 

112M“ 

90“ 

67>i“ 

46“ 

22>i“ 

ll!.i“ 

6«r 

0 641 

0 546 

0 677 

0 606 

0 632 

0 684 

0.763 

0 882 

0 924 

0 040 


The ''standard orifice,” as generally defined, is one in which the edge 
of the orifice which determines the jet is such that the jet upon leaving it 
does not again touch the wall of the orifice. Practically, this result is 
obtained by having the outside of the orifice bevelled and its throat 
cylindrical or pnsmatic in shape with an axial length between 5 and 
in., depending upon the thickness of the plate. Merriman defines it as 
signifying that- 

The opening is so arranged that the water in flowing from it (the orifice) 
touches only a hne, as would be the case in a plate of no thick iiphh. To 
secure this result, the inner edge of the opening has a square corner which 
alone is touched by the water The onfice in a thin plate is often 

used to express the condition that the water shall only touch the edges of 
the opening along the line. This arrangement may bo regarded os a kind of 
standard apparatus for the measurement of water. 

Hughes and Safford,^ have defined the standard orifice as follows: 

If an onfice m a thm wall is set far enough from the side of the vessel or 
channel to secure full contraction of the jet, is round or square, and has no 
dimensions greater than 1 ft. (for which shapes and dimonsions reliable 
coefficients are available), it is called a standard orifice. 

Tables 36 and 37 contain coefficients of discharge for vertical 
standard orifices. 

Weirs. One of the most accurate methods of measuring water is by 
the use of a weir, provided the conditions under which the coefficients of 
discharge of given types of weirs were determined are approximately 
reproduced in the gagings. 

The most common t^es of weirs are the rectangular, the triangular, 
and the trapezoidal weir. 

1 " Hydranliofl," ITrst Edition, 130 j, 





























Tabiji 36 —^Hamilton Smith, Jh.'s CJobfbtgibnts of Dischabgb fob VBBncAi CiRCtTLAH Obificbs 
Applicable stnctly to vertical circular orifices in a flat, ngid, thin wall, with full contraction of the jet; and for the 
dimensions and heads given Direct mterpolation should be made for mtermediate values. 
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Tabiji 37.—Smith’s Cobffigieints of Dibchahgb foe Vbbticaij Sqitabb Obificbs 
Applicable strictly only to vertical square orifices in a flat, rigid, thin wall, with full contraction of the jet and for 
dimensions and heads given Direct interpolation should be made for intermediate values. 
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The following data have been abstracted from Hughes and Safford’s 
“Hydraulics,” 1911, to which the reader is referred for a more complete 
discussion. 

Procedure to Be Followed in Wear Measurements —1. Constructing and 
setting up the weir and the gage for measuring the head; reproducing, if 
possible, the experimental conditions of the formula to be used 

2 Measunng the length of the crest and determining its irregularities 
if any 

3. Taking a profile of the crest if not sharp-edged. 

4. Deterimmng by actual measurements the cross-sectional area of the 
channel of approach 

6 . Estabhshing by levehng the relative elevations of the crest of the weir 
and the zero of the gage 

6 When the desired regulation of flow is estabhshed, determining the 
head by hook gage or other observations at mtervals os frequent as the condi¬ 
tions require. 

7. If possible, measure actual velocity in the channel of approach by 
a current meter or some other direct method, and 

8 Compute the discharge by the formula selected 

Three of these operations require especial consideration, viz., construc¬ 
tion and Bcttmg, the measurement of the head, and the selection of the 
formula 

Construction and Setting of Weirs —1. A sharp-crested weir with com¬ 
plete crest contraction should be used. 

2 The crest should be level, and its ends vertical. 

3. The end contractions should be complete, or, if suppressed, entirely 
suppressed. 

4. The upstream face should be vertical; the downstream so designed 
that the nappe has free overfall. 

6 Free access for air under the nappe should be made certain. 

6 . The weir should be set at right angles to the direction of flow. 

7. The channel of approach should be straight for at least 25 ft above 
the weir, of practically unif orm cross-section, and of shght slope (preferably 
none) 

8 . Screens of coarse wire or baffles of wood should be set in the channel, 
if necessary, to equalize the velocities m different parts of the channel, but 
not nearer the crest than 25 ft. 

9. The channel of approach should have a large cross-sectional area in 
order to keep the velocity of approach low. 

Measurement of Head. —The head above the crest of the weir should 
be measured, preferably, by a hook gage with vernier scale upon it, readmg 
to thousandths of a foot.^ Pomt gages and float gages may also be used, 
and, under certain circumstances, are advantageous. 

For approximate results, the measurements to the water surface may 
be made from a peg driven mto the bed of the stream at a distance 

1 In floleotinff a hook sage, ohooae one made entirely of metal, and with the alow-motion 
screw within easy reach ,of the observer when settms the point of the hook. 
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of several feet above and to one side of the weir But for careful or precise 
measurements the gagmgs must be made m a still box, the locations of 
which should meet the following essential conditions 


1 The cross-sectional area of the commumcating opening or pipe must 
be sufficient to allow free communication with the <;hannel, even when throt¬ 
tled 

2 The channel end of this openmg must be set mto and exactly flush 
with the flat walla of the channel, or mto a flat surface laid parallel to the 
direction of flow, and the pipe itself must be normal to the diroci.ion of flow. 

3. The channel end of this opemng must be located far enough upstream 
to avoid the slope of the surface curve, and not far enough to incroaso the 
observed head by the natural slope of the stream. 

The area of mcreosed pressure, which forms above the bottom, beginning 
at the upstream face of the weir and extending upstream, perhaps about 
to the begmnmg of the surface curve, ^ once thought to bo a location at which 
the observed head would include the velocity head, has boon proved to be a 
poor location for the opemng 

Avoid perforated pipes, no matter where the holes are bored, laid trans¬ 
versely or longitudinally m the stream at different depths, avoid so-onlled 
piezometers of any form which project m any direction into tho stream. 
After the Lowell hydrauhe expenments were made, IVancis sometimos usod 
pipes with holes bored m a vertical plane m order to secure an average pres¬ 
sure across the stream, m recognition of the fact that the surface is not 
transversely level Smee his time, this has been shown to be a vicious 
practice, which may mtroduce more errors than it was designed to obviate 

The Msential conditions of location of a still box will m general be mot if 
its opening is set well upstream from the beginning of tho surface curve, and 
at or a few mehes below the crest level ’ 

If Francis , Fteley and Stearns’, Bazm’s, or any particular oxporimontor’s 
formula is to be used, his location should be dupheated (p. 200, Huchoa and 
Safford’s “Hydrauhes”) 


Measurements of Head in Francis’ Expenments.—The head was observed 
by two hook gages, one on each side of the channel, sot in still boxes which 
were 18 in long by 11 in wide. Commumcation with tho channel was made 
for the contracted weir measurements by a 1-m. diameter hole in tho bottom 
of each box, located 6 ft. upstream from the weir and 4 in. lower than tho 
level of the crest For the suppressed wen, communication was eatabliahed 
by pipes openmg into the sides of the channel 1 ft. lower than tho level 
of the crest, or by the smgle openmg for the pipes which worc^ set in tho 
board _ AU three openings used were therefore 6 ft upstream from 
the wen. To prevent rapid osciUations, the oponmgs were tlnottlod by a 
perforated plug set on the mside of the still boxes (p. 204 he. at.). 

Measurements of Head in Fteley and Steams’ Expenmmts.— . . . The 

set in stiU boxes which wore connected 
with the cta^el by pipes. Although the actual form of piezometer open- 
mgs varied, the essential condition that the opening be at or below the crest 


‘ See Ftjiijdt and Stbahns, Trana Am 3oo. C. E, 18, 42, Plate IV. 
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Table 38 — Whir Discharges Due to Heads from 0 00 to 2.99 Ft 

Safford 

Quantity of water in cubic ‘feet per second, discharged over a weir with 
length of 1 ft., the weir to have complete contraction on its crest, and to 
have no end contractions. Q = 4- 0.007Z for depths up to 0.6 ft 

and Q = 3 331H^ for depths above 0 6 ft Head in feet; discharge in cubic 
feet per second 
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11 77 

3. oa 

16 02 

0. S3 

1 28 

1 13 

4 00 

1. 73 

7 68 

a. S3 

11 84 

a. 03 

16 70 

0 S4 

1 32 

1.14 

4 06 

1.74 

7 04 

a 84 

11 02 

a. 94 

16 79 

0. SB 

1 30 

1. IS 

4 11 

1. 76 

7 71 

a. SB 

12 00 

a. 06 

16 87 

0. SO 

1 30 

1.16 

4 10 

1. 76 

7 77 

a. 36 

12.07 

a. 06 

16 00 

0. S7 

1 43 

1.17 

4 21 

1.77 

7 84 

a 37 

12 16 

a. 07 

17 04 

0. sa 

1 47 

1.18 

4 27 

1. 78 

7 91 

a. 38 

12.23 

a. 08 

17 13 

0. so 

1 61 

1.19 

4.32 

1. 70 

7.97 

a. 30 

12 30 

a. 09 

17 22 
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in and normal to a flat Burface parallel to the direction of flow, wob in all raaos 
maintamed. The location of each opening is Btated in tho table (p 208, 
loc. cit.). 

The General Weir Formula may be expressed by the equation Q = cllp^ . 
To this form all the equations m use may be reduced, but it la better 
practice, in view of the several methods of correcting for the velocity of 
approach followed by the various experimenters, to use their forms of 
equation 

The Francis Weir Formula 

Let H = the observed head corrected to include the effect of tho veloc¬ 
ity of approach 

h = the observed head upon the crest of woir, being tho differ¬ 
ence in elevation in feet between the top of the crest mid the 
surface of the water in the channel, at a point upstream, 
which should, if possible, be taken just beyond the beginning 
of the surface curve 

hv = the head due to the mean velocity of approach 
= VAV2g 

For contracted weirs, neglectmg velocity of approach, 

Q = 3 33(Z - 0.1Nh}h^ 

Note .—The use of h instead of in the factor (Z — 0 INII) used in 
correctmg for end contractions is as precise as ordinary practice warrants. 

For contracted weirs, head corrected for velocity of approach: 

Q = 3.33(Z - 0.1NH)[{h + 

For suppressed weirs, neglectmg velocity of approach, 

Q = 3 33Z/i^ 

For suppressed weirs, head corrected for velocity of approach: 

Q = 3 33l[ih + hv)« - 

The Fteley and Steams Fomivla 

Q = 3.311H^ + 0 007Z 
H = Qi + 1 50hv) for suppressed weirs 
H = Qi + 2 05hv) for contracted weirs 

For contracted weir use (Z — 0 INH) instead of Z. 

The King Formula,^ based upon the expenments of Fnuicis, Ftoloy and 
Steams, and Bazm, is 

dV 

where d = j, A being the area of the channel of approach. 

For contracted weir use (Z - Q.INH) mstead of Z 

Inman’s Diagrams and Tables^ ore based upon tho experiments of Francis, 
Mey and Steams, and Bazm, and at the hydraulic laboratories of Cornell 
University and the University of Utah, and are m convenient form for use. 

’ King, Handbook of Hydraubes,” 66 

>Ltuan, R. R., 2Vana Am 3 oc C E , 1914; TS, 1189. 


Q = 3 3Aim 1 -I- 0 66 
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The Francis formulas are stnctly apphcable only to vertical sharp-crested 
rectangular weirs with complete contractions and with free overfall and 
when the head (ff) is not greater than one-third the length (Z); 
when the head is not less than 0 6 ft. nor more than 2 ft.; 
when the velocity of approach is 1 ft per second or less; 
when the height of the weir is at least three times the head. 

In all probabihty the formulas are usable with higher heads than 2 ft, 
but not much lower than 0 5 ft, as shown by Fteley and Steams’ experiments. 

Rehbock’s Formida,^ first published in Germany m 1911, and revised in 
1912, is as follows 

Q = 

where 

ju = 0 606 -f jQgQ^ _ 3 "l" ® (metnc units)® 

This formula is based upon numerous experiments made on sharp-crested, 
fully aerated weirs without end contractions, for values of 

Z = 0.41, 0 66, 0 82, and 1 64 ft 
ft = 0 03 to 0.69 and 0.76 ft. 

Z = 1.64 ft. 

He extended the curves for n beyond the range of his actual experiments by 
the law of hydraulic sunihtude to mclude values of 
Z = 0 33 to 6.66 ft 
ft = 0 03 to 3 28 ft. 

L 

^ = 0 to 1.0 (preferably not over 0.8) 

Professor Schoder® states tliat Rehbock’s formula gives values which 
agree more closely with a large mass of recent experimental data than 
the formulas of Fteley and Steams, Bazin, and Francis, the error increasing 
with ft and with Z. Francis’ formula checked closely at low heads and low 
velocities of approach. Rehbock’s formula, while comparatively unknown 
in this country, is largely used in Germany. 

Choice of Formulas —Wlien Francis’ weir settings can be duplicated or 
the velocity of approach is very low, 1 ft. per second or less, there is general 
willingness on the part of both engineers and laymen to accept this formula 
for heads for from 0 6 to 2 ft., and the same is true of the Fteley and Steams 
formula for heads of 0.07 to 0.6 ft. For higher heads the Cornell experi¬ 
ments, which are the only gmdes, indicate that the Francis formula may be 
used with reasonable accuracy up to heads of 6 ft. 

Bazin’s formula is the best where his conditions can be reproduced and 
if the velocity of approach is high and the height of weir low, his formula is 
the only one sufficiently flexible. For this reason it is the most useful. 

Smith’s coefficients are the result of the most thorough study, but are 
based upon experimental data of somewhat unequal accuracy. 'They do, 
however, furnish means for satisfactory interpolation to suit oases not cov¬ 
ered precisely by the data which he used. 

iRbedook, Th , Proo Am 8oo, C, B Aug, 1928, 1771. 

>Sc 3 EODiin, Eknbbt W , and Kbnnhth B Tuiuram, “Preoiae Wdr MeaBurements," 
Proo Am, Soc C E , Sept, 1027, 1306. 

* In English units m “ 0 606 + — 3 ^ ^ 
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If possible, contracted weirs should be avoided, but arc often necessary 
to insure atmospheric pressure underneath the nappe; if end contractions are 
unavoidable, the Francis formula should be used 

For rough measurements there has never appeared to be any good reason 
for departing from the Francis formula, which has the advantage of long 
usage and consequent famihanty, especially in legal cases, although it has 
often been used far beyond the limits laid by Francis himself It should 
be borne m mind, however, that his for m ula apphes only to sharp-erestod 
weirs (p. 223, loc. cU.) 

Fixception should be made, however, of cases where the head is less than 
0 6 ft., for which the Francis formula is not apphcablo. Table 38 on page 
163 may be taken as a reasonable gmde, having been ooinputcd by tho 
Francis formula for heads greater than 0.6 ft and by tlio Ftoloy and Stearns 
formula for lesser heads No formula is safely apphcable to extrenioly 
low heads. For suppressed weirs, precautions should always bo taken to 
secure adequate ventilation so as to msure atmospheric pressure underneath 
the nappe, or formulas wiU not be apphcable. 

Schoder and Turner^ have made a comprehensive study of the accuracy of 
various formulas for determimng the discharge over sliarp-crosti‘d weirs 
and find an important source of error in such formulas to bo in their failure 
to properly allow for velocity of approach and in unequal horizontal distribu¬ 
tion of velocities. They suggest a formula which mcludos voloiiity head of 
approach for the section above and below the elevation of tho woir crest, 
considered separately. 

Submerged Weirs.—^When the water surface in the channel below 
the weir is higher than the crest, the weir is said to bo submergod or 
drowned. Measurements by submerged weirs are much loss certain 
than by weirs with free discharge, but theu- use is soinetiinos unavoidable. 

Experiments on submerged weirs have been made by Fraucis, Fteley 
and Steams, and Bazin, but the number is comparatively small. For¬ 
mulas have been proposed by Francis, Fteley and Stoariis, Horscshel, 
Bazin and King. None of these can be considered as altogether 
satisfactory. 

King has suggested® the formula 

Q = lVh{3M -b 4 Ahi) 

where hs is the depth of submergence, or height of tho water above 
the crest on the downstream side, and h = hi — /12 or not head on woir. 
The coefficients in this formula are based upon tho oxperimentH of 
Francis and Fteley and Steams, but there is no logical method of cor¬ 
recting for velocity of approach or applying other oorrootions. 

The formulas proposed by Fteley and Stearns, and Hoi’schol, require 
the use of variable coefficients, and tables of such coefficients are neces¬ 
sary for their apphcation. 

^ SoHODBB, JEjBnbt W , and Eunnioth B Tubnhb, "Prooiso Woir MoaBurotaoutSi" 
Trana Am. Soc C E , 1029, 93, 090 

tKiira and Wiblbb, "Hydraulioa," p 110. 



MEASUREMENT OF FLOWING WATER 


157 


The Bazin Formula is 


Q = (l.06 + 0.2l|*)(^)(0.406 + + 0.65^“)zAiV^i 


where 

hi = 

h = 
d' = 

d" = 

-^2 “ 
I = 

z = 

King^ has also 


head on weir of upstream water surface 
head on weir of water surface down stream 


hi — hi 

depth of water above weir 
depth of water below weir 


Al 

I 

Ai 

i 


area of cross-section of channel above and below weir 
length of weir crest 

height of weir crest above bottom of channel 
devised the empirical formula. 

Q = 3 -t- 0 66^) 


All the foregoing discussion and formulas apply to weirs without 
end contractions. When there are end contractions, approximate 
results may be obtained by using I — 0 INH for 1. Comparisons by 
King show that his formula agrees well with the results of all available 
experiments. 

The TTiTig ; formula is somewhat diflB.oult of oomputation, but it may 
be applied with comparative ease by means of the tables given m Kmg’s 
“Handbook of Hydraulics,” 2d ed., pp. 131, 135, and 136. 

Triangular Weirs.—The theoretic discharge of the triangular weir is 

given by the equation, Q = 
in which 

B = length of base of triangle at level of H or water surface 
H = head over angle of the weir notch in feet 

Experiments on flow over triangular weirs in which the angle is a 
right angle, which is the only form used in practice, have been made 
by Thomson; by Barr, at the Umversity of Michigan; and at the Mas¬ 
sachusetts Institute of Technology. Summarized results of the first 
three sets of experiments are given by King in his “Handbook of 
Hydraulics,” 2d ed , p. 93. Thomson’s experiments covered a rang^ of 
heads from about 0.16 to 0.60 ft.; Barr’s from about 0.15 to 0.86; and 
the University of Michigan’s, from about 0.15 to 1.8. Their results 
may fairly be expressed by the following equations. 

Thomson’s experiments, Q = 2.54H^ 

Barr’s experiments, Q = 2.48^® 

University of Michigan’s experiments, Q = 2.62^®-“^ 

1 "Handbook ol Hydraulloa," 2nd Ed., p. 87 
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Expcrimciits infldc at the Massachusetts Institute of Technology, 
under the direction of Professor Dwight Porter, gave for the right- 
angled notch weir, 

Q = 2.54iy« 

Table 39 shows the values of Q computed by the Thomson and King 
formulas. The differences are not of much consequence and either 
formula may probably be applied with a fair degree of satisfaction 
Smee the King formula is the only one which is based on experiments 
with heads greater than 1.0 ft., it is probably more trustworthy under 
such conditions. 

Table 39 — Dischabqh of Right-angled Triangular Weir, by Thomson 
Formula Q = 2 54JI^ and by King Formula Q = 2 52H^ 


Head, 

Discharge m 

cubic feet* per second 

feet 

Thomson formula 

King formula 

0 1 

0 0080 

0.0085 

0 2 

0 0452 

0 0473 

0 3 

0 125 

0 129 

0 4 

0.257 

0 262 

0 6 

0 449 

0 466 

0.6 

0 708 

0 714 

0 7 

1 041 

1.044 

0 8 

1 454 

1 462 

0 9 

1 951 

1 943 

1 0 

2 540 

2 520 

1 1 

3 223 

3 189 

1:2 

4 007 

3.964 

1.3 

4.893 

4.818 

1 4 

5 890 

5 785 

1 6 

7 000 

6 860 


>For detailed table of disoboTKe by King's formula, see “Handbook of Hydraulics,” 
2d ed., p 141 

Trapezoidal Weirs.—The trapezoidal weir differs from the rectangular 
type in that the sides are inclined rather than vertical. Usually the 
sides are given a batter of 1 horizontal in 4 vertical for the reason that at 
this angle the slope is just about sufficient to offset the effect of end 
contractions. When this is done the weir is known as the “Cippoletti 
weir ” The general equation for the trapezoidal weir is as follows: 

Q = + fi62z{2g)i^H^^ 

in which z = the batter of the side or the ratio of the vertical projection 
to the horizontal projection of the side. 
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For the Cippoletti weir in which 2 = the formula reduces to 
Q = 

Other Weirs.—For the determination of the discharge over broad- 
crested weirs and dams having different types of crests, reference may be 
had to “Weir Experiments, Coefficients, and Formulas” by Robert 
E. Horton;^ King’s “Handbook of Hydraulics”, Williams and Hazen’s 
“Hydraulic Tables”; and various books on hydraulics. 

Side weirs or spillways parallel to the direction of flow in a channel 
are not measuring devices They are utilized in regulating devices, 
and are discussed in Chaps II and XVI 

Venturi-type Meter.—^The principle of this apparatus, based upon 
Bemoulh’s theorem, was discovered about 1791 by the Ita^an engineer, 

f 



J. B. Venturi, who stated that, when fluids or gases are discharged through 
an expanding nozzle, a sucking action is exercised' in the small diam¬ 
eter, diminishing as the diameter increases. This principle was first 
practically applied by Clemens Herschel in 1887 in the so-called Ventun 
meter. The meter tube, which is the portion of the apparatus to which 
Venturi’s discovery applies, is inserted m a line of pipe under pressure 
and consists of throe parts, the inlet cone, in which the diame'ter of 
the pipe is gradually reduced, the throat or constricted section, and the 
outlet cone, in which the diameter increases gradually to that of the 

1 Publuhed aa Water Supply and Irrigation Paper 200 of tbo U S. Qeologlaal Survey, 
1007. 
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pipe in which the meter is inserted. The throat is lined with bronze; 
its diameter, in standard meter tubes, is from one-third to ono-half of 
the diameter of the pipe; and its length but a few inches, sufficient to 
allow a suitable pressure chamber or piezometer ring to be inserted in 
the pipe at this point. The upper or inlet cone has a length of approxi- 
Ijiately one-fourth that of the lower cone A piezometer ring is inserted 
at the upper or large end of the inlet cone and the determination of the 
quantity of water flowing is based upon the difference in pressures 
observed or mdicated at this point and at the throat of the meter. The 
general form of the meter is shown in Fig 49 

The derivation of a formula from which the discharge of the Venturi 
meter tube is computed may be found in Hughes and Safford’s “ Hydrau¬ 
lics,” First Idition, p. 116. As written by Herschel, the form of this 
expression is 


_ AiA^ 


■\/2g(hi - hi) 


_ AiAi 


V2gH 


m which Ai and A 2 are the areas m square feet at the upstroaiii end 
and at the throat of the meter, respectively, hi and hs the pressure 
heads at the corresponding points, and 

H = hi- /i2 


Under actual operating conditions, and for standard meter tubes, 
includmg allowance for friction, this formula reduces to the form 
Q = (1 00 ± 0 02)AiV^I 

The coefficient written (1 00 ± 0 02) is made up of two parts, or 

C = C 1 C 2 . 

c = 

' VAi^ - As* 

C 2 = coefficient of friction 

For standard meter tubes m which the diameter of the throat is 
between one-third and one-half that of the pipe, the values of t*i range 
between 1.0062 and 1 0328, while the friction coefficient C 2 varies from 
0 97 to 0 99 Thus the range of values of c is from 0.98 to 1.02, and 
accordingly c has been written above as (1.00 ± 0.02). Hazoni thinks 
c = 0.99 the beat value for practical use 

J. W. Ledoux* gives results of experiments made by him on 19 meter 
tubes which show a coefficient approximatmg 0 977 for ordinary veloci¬ 
ties and falhng as low as 0 90 for a velocity of 1.0 ft per second through 

^ Eng News, 1913, 70, 100 

* "Venturi Tube CharaoterlstKa," Trans Am Soo. C E , 1027, 91, 60C. 
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the throat of the tube. Ledoux^ uses the formula for velocity at the 
upstream end 


1>1 = c 


2gH 

(l)‘- 





Charf^ Recorder Dial, 

(Contfnually Records 
fheRateotFlow) 


^ ^Register Counter Dial, 
(Shows ihe Total ^ 
Gallons, Cubit feet, etc.) ^ 


Indicator Dial. 
(Shows the Pnsmt 
Rate of Flow) 


I Dimensions,etc. 

Base, I8lm.square 
Height, 6fi. 
Shipping 



Chart Recorder 
Dial. 

(Continually Records 
the Rate of Flow} 


Indicator Dial. 
(Shows the Present 
Rate of Flow.) 


Dimensions^ etc. 
Base, 14-ins. square 
Height, 5 fk 
Sh/ppwg Wei^htt 




Fig. 60. —Type M regieter-indioator Fig. 61. —Type M mdioator re- 
reoorder ‘ oorder 


and finds for the loss of head A/ in the meter tube 


hf = 




403 
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The relations between heads (both the Venturi head and the total 
loss of head in the tube) and the quantities flowing or velocities are 
shown graphically m a simple diagram by R. T. Regester ^ This is 
for standard tubes of the Builders Iron Foundry pattern, and is stated 

to be correct within about 3 per cent. 

The Ventun meter affords one of the most accurate methods of meas¬ 
uring water in closed pipes under pressure, the registration being within 
2 per cent of the actual flow of water at ordinary velocities. 

The Venturi meters are made by Builders Iron Foundry and by the 
Simplex Valve & Meter Co. The indicating and recording lustruinents 
made by Builders Iron Foundry are illustrated in Figs. 50 and 51. 
The principle of the Simplex recording device was described by J. W. 
Ledoux.® 

The flow meter of the Bailey Meter Company makes use of the 
Venturi principle, but ordinarily employs a nozzle inserted in the pipe 



U-Tube 


Mercury 


Fia 52 —Illustration of the pnnoiple of operation of a flow motor ompIoyiiiR a 
nozzle to cause a diflerenoe in pressuro 

instead of the Venturi tube. Figure 62 illustrates the form of the nozzle 
and the method of inserting it in a pipe and shows how the difference in 
pressure may be obtamed. The throat of the nozzle is coiisidorably 
larger in diameter than the throat of the Venturi tube for the samq rate 
of flow, and the resulting total loss of head is approximately the same 
for either. 

The Bailey Meter Company has two types of indicating and 
recording instruments for use with the nozzle. One is oloctricoUy 
operated, in which the differential gage measuring the difference in 
pressure above and at the nozzle regulates the amount of alternating 
current flowing in an electrical ciromt, and this actuates the indicating 
and recording instruments, which may be at any distance from the 
nozzle. The other is mechamcally operated by a float on the mercury 

1 Publuhed in Eng News-Bee, 1920, 97, 717. 

> Trans Am Soc C E , 1913, 76, 1048. 
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r* 

Ineeming Supply 
of A C Current 



Instrument Pend 



"i'lnch Pipes 


Connections between 
Panel end rteter Bod/ 



Meter Body 


Fi<j. 63.—Indioatmg, regording, regiatoring flow meter, electrically operated. 

{BaiLey Meter Co) 



Eig. 


64. Indioatmg, recording, restoring flow meter, meohanioally operated. 

\Bau^ Meter Co.) 
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or other liquid of the differentia] gage and must be fairly neai* the nozzle 
in order that the pressure pipes may function satisfactorily, as m the 
case of the meters employmg the Venturi tube. Figures 63 and 64 
show the general appearance of the electrically and mechanically oper¬ 
ated flow meters, respectively. 

For the measurement of sewage, the Bailey Meter Company has 
adapted only the electrically operated meter. In this case the regula¬ 
tion of the quantity of current flowmg is accomplished by two copper 
floats in Vertical iron pipes receiving the pressure through piezometer 
piping from either side of the flow nozzle. The floats are suspended 
from a lever arm, which has a suitable connection through a crank and 
connecting rod with the rotor of an mduetion element by means of 
which the current is regulated The receiving and recording mstru- 
ment is the same as that shown m Fig. 64. 

The piezometer connections to the float tubes are made of IM-in pipe, 
with connections for clean water under pressure, by means of which 
any accumulation of solids can be forced back mto the sewage main 
There is also a connection by which a trickling stream of clean water 
may be allowed to flow into the float tubes, thus preventing the accumu¬ 
lation of sufiicient solids to interfere with the operation of the floats 
Hand holes for cleaning should be provided in the main, on either side 
of the nozzle. 

Other makers of instruments, among whom are the Republic Flow 
Meters Co. and the Brown Instrument Co., manufacture flow meters, 
many, if not all, of which are applicable for use with Venturi tubes, 
nozzles, orifices, or Pitot tubes inserted in the conduits. Pitot tubes 
would be unsuited to measuring sewage, and it is probable that thin 
plate orifices would prove unsatisfactory. It is probable that with 
proper precautions for sealing and cleanmg the pressure tubes and 
piezometric openings, any of these instruments could be used for record- 
mg sewage flow, but they have not yet been so utilized to any consider¬ 
able extent. 

In the Venturi meter used for measuring sewage, at each annular 
chamber or piezometer rmg there should be valves by which the pressure 
openmgs can be closed, and these valves may be so designed that in 
closing a rod is forced through the openmg so as to clean out effectually 
any matter which may have clogged it. When all four of these valves 
have been closed the plates covering the hand holes in the pressure 
chamber may be removed and the chamber cleaned by flushing with 
hose or otherwise. Such flushing at short intervals is usually necessary 
if Venturi meters for sewage are to be maintained in good operating 
condition. 

In order to prevent the interference with the operation of the register 
by clogging, an oil seal may be inserted in the pressure pipe, between the 
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meter tube and the register. The pressure is transmitted as far as the 
seal, through water in the pressure pipes, and from the seal to the register 
through oil. Thus it is impossible for any sewage to get into the register 
and interfere with its proper operation Such an oil seal is shown in 
Fig. 65, which illustrates the apparatus at the Ward Street Pumping 
Station of the Boston Metropolitan Sewerage Works. The register 
shown in this figure is of an old type, not like those illustrated in Figs. 
50 and 51. 



Venturi Flume.—Since the Venturi type meter is only applicable to 
closed pipes under pressure, it can be used for measuring sewage only 
in force mams or inverted siphons. 

In recent years, the Ventun principle has been utilized for the meas¬ 
urement of flow of water in open channels by means of the Venturi 
flume, m which the side walls and in some cases the bottom of the 
channel are so shaped as to approximate the form of the Venturi tube. 

This apparatus has been used prmcipally in connection with the 
distribution of water in irrigation ditches, but its use as a device for 
measuring sewage is being introduced in several cities A flume of 
this type is used to measure the flow of sewage reaching the Syracuse 
Sewage Works, and another was placed in operation on East Forty-first 
Street by the Borough of Manhattan in November, 1926. The latter 
is illustrated by Fig. 60 and is of yellow pine, anchored to the side walls 
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of an 8- by 8-ft. box sewer, the arch of which was raised 4 ft. above the 
flume to allow for gagmgs during extremely high flows. Tho capacity, 
limited by the recording device to a depth of 10 ft. at tho upstream 
piezometer pipe, is 343 cu. ft. per second When operating at maximum 
capacity, the mcoming sewer flows with a surcharge of about 2 ft. 



Sidewalk 


* d' 


Opening inSidewall 
of Sewer 


p^marn 

? ofM/zneIj A ^jUn I 
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Longitudinal Section 

Pia. 66.—Venturi flume inserted in East 41at street sower, Miuihattiin, Now 

York 

TWmoli biMS piezometsr pipes oonnect tliroat aiid miatroam soo- 
tione mth concrete stiUmg •vrella built in an offset manhole. A flont- 
operated An record® le instaUed in an operating chamb® at tho top 

Water connections IM in. diameter with 
control valT® m the opmtog chamber ®e provided for blowing out 
ae pieeom^r pip® Kenneth All®, Sanitary Engineer, Bomd of 

w!^o™ ^ City of New York, stated that this 

was done once a week and up to September, 1927, no clogging had 
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occurred and the stilling wells had been kept quite free from deposit, 
while there had been an absence of surging that would show on the 
record. 

There is, as yet, comparatively little experimental information avail¬ 
able on Venturi flumes. P. S Wilson and C. A. Wright^ give the results 
of a senes of experiments at Cornell University. Their measurements 
were made in a 24-in. flume, in which a throat 8 m. wide was formed, the 
contraction taking place in a length equal to three times the width of 
the throat, while the divergence was accomplished in a distance equal 
to ten times the throat width. They used two throats, one having a 
length of 8 in., the other 24 m The throat gages were tapped into the 
sides at a distance from the upstream end equal to two-thirds the length 
of the throat. The discharge coefficients obtained for the throat 8 in. 
long varied in an erratic manner, but those for the throat 24 in. long were 
reasonably consistent, and varied between 0.96 and 1.00, averagmg 
about 0 98 

The conclusions of Wilson and Wnght were: 

1 The coefficient of the Venturi flume for any particular condition of 
flow withm rather wide limits is a fixed determmable quantity about unity. 
With the flumes experimented upon, however, the value of the coefficient 
vaned over a range of possibly 10 per cent with varied conditions of flow, 
most of this variation being apparently due to surface phenomena, waves, 
etc , the effect of which could be controlled by the design of the flume so as 
to obtain a more definite coefficient. 

2. The maximum loss of head necessary in the use of the Venturi flume is 
very small compared to that lost with other moasunng devices under similar 
conditions. A weir with the same range of capacity would probably mvolve 
at least five or six times os much loss of head. 

3 The neiiOBSity for connectmg each of the gage wells to a pair of opposite 
gage openings in the channel was verified 

4. The exact location of the upstream gage openings was found to be 
immaterial as long as they were placed upstream from, and fairly close to 
the beginning of the convergence * 

The earliest experiments with the Venturi flume were those of V. M. 
Cone, made at Ft. Collins, Colo., for the U. S. Department of Agricul¬ 
ture.® All of the throat sections were 1 ft. in length, with widths varying 
from 1 to 7 ft. The contractmg and expanding sections were identical, 
each having a length equal to three times the width of the throat. The 
throat gage was located at the middle of one side, and the upstream 
gage was in the side wall of the contracting section at a distance above 

^Eng Newa-Beo 1020,88,462 

> It 1b to be notod that other ozponmontora have located the upstream gage m the eon- 
vorglng Bootlon, instead of above It—presumably because such location was more accessible 
and the insertion of a Vontun flume in an ezlstmg conduit is greatly simplified if it is not 
necessary to provide gage openings above the fiume. 

■•four Agnc. Rea., Apr, 23, 1017. 
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the throat equal to twice the throat width. Cone gave diagrams of 
discharge for throats 1, IMj fl'iid 2 ft. wide. These flumes were not as 
well shaped as those tested by Wilson and Wright, and the gages were 
not as well placed and were on one side only. 

Further experiments have been made on flumes of the same pro¬ 
portions at Cornell University and on the Cache la Poudre River near 
Ft. Collins, Colo. The results are discussed in Bull. 205 of the Agricul¬ 
tural Exiperiment Station of the Colorado Agricultural College at 
Ft. CoUins, by Ralph L. Parshall and Carl Rowher. In these later 
expenments the heads were observed on both sides of the converging 
section and of the throat and it was found that errors as largo as 10 or 12 
per cent mi g ht be mtroduced in the case of a throat width of 5 ft, by 
reading the heads on one side only. With smaller flumes, the errors 
from this cause decreased, and became comparatively insignifloant for 
a throat 1 ft. wide. 

From the calibration tests of flumes with throats 1, IK, 2, 3, and 5 
ft in width, and with discharges ranging from less than 1 to nearly 400 
cu ft. per second, Parshall and Rowher derived the formula for this 
type of flume 


Q = cbh2 


2gh 


1 - 1 - -f- 

^ ^ 49 U 


■:) 


2 


in which Q = discharge in cubic feet per second 
b = width of throat in feet 
h 2 = head at throat in feet 
hi = head in convergmg section in feet 
h = hi — A 2 

c = a coeflicient, the value of which can be obtained from the 
equation 

c = 0 9975 - 0 01756 -l- ~ ^ 163^il^)g(20 - 6) 

SAi* 

A comparison of 453 actual measurements with the results oonijiuted 
by this formula showed that 55 per cent agreed within 2 per cont; (iS 
per cent withm 3 per cent, and 88 per cent within 6 jier cent. The 
formula may, therefore, be considered sufliciently accurate for most 
practical purposes 

Improved Ventun Flume .—Press Bull 60 of the Agricultural Experi¬ 
ment Station of the Colorado Agricultural College, dated January, 
1925, by Ralph L. Parshall, announces the design of an improved Ven¬ 
turi flume, of the proportions shown m Fig. 57, in which the discharge 
IS a function of the width of the throat and the head in the convorging 
section only, and that these conditions obtain up to depths of sub- 
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mergence (at the end of the converging section) of nearly 76 per cent of 
the depth at entrance. The formula for the discharge of this liume is 

Q = 

Since the throat Tridth is a constant, the discharge can be obtained 
from a single measurement and it is possible to graduate a tape attached 
to a float in the gage well so as to show directly the quantity flowing. 
One hundred fifty-two experiments have been made on this flume at 
Ft. Collins, with throats 1 to 8 ft. wide, and with discharges from 0.05 
to 60 cu ft. per second; 88 per cent of them agreed with the formula 
within 3 per cent. 




Plan 

^ Minimum Loss of 

Head-Free F/ou 

I Wa^erSurfyce^ -r -U— DepM of 

I 1/ ^ 




Jfes® ^reeFJom 

Longitudinal Section A-A 
Fig. 67. —Improved Vontun flume. (Parahcdl ) 


Further data are given in a paper by Parshall.^ The total loss 
of head in a 3-ft flume of this pattern is reported as 0.19 ft. for a dis¬ 
charge of 9.48 c f.s. In discussing this paper, H. B. Muckleston calls 
attention to the fact that such a device, where but one head is measured, 
is really a special form of weir, rather than a true Venturi flume ® He 
also gives a simple form of diagram for the solution of the formula for 
discharge, and C. E. Carter shows that for the data presented, the 
formula 

Q = 3.906/iii 0® 

gives results quite as consistent with those obtained by tests as does 
the more complex formula presented by Parshall. 

Tests of Improved Venturi Flumes with throat widths from 1 to 10 
ft. are described in a discussion by Carl Rohwer in Proc. Am. Soc. C. 
E., April, 1928, 1269. 

^ Trans Am Soc C. E , 1026, 89 , 841 

! Julian Hinds susKcsts the name " control-section meter " 
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Current meter measurements may be employed for the accurate 
determination of the velocity of flow in sewers of considerable size or m 
open channels, provided there be not too much paper or other suspended 
matter likely to clog the meter The current meter must be calibrated 
by moving it at a uniform speed in still water. Knowing the constant 
or rating of the meter, the average velocity of the water at the point 
where it is held may be obtained with a high degree of accuracy. 

Gagings of flow may be made by several methods, the one-point 
method, the two-point method, the multiple-point method, the method 
of integratmg in sections, and the method of integrating in one operation. 

In the one-point method, the meter is held at 0.6 of the depth and in 
the center of the stream, and the result is assumed,to indicate the 
mean velocity of the stream. This is but a rough approximation, suit¬ 
able oiily for hasty observations with no pretense to accuracy. 

In the two-pomt method, the velocity is observed at 0.2 and 0 8 of the 
depth, and the average of these two figures is taken to represent the 
average velocity m the vertical section. The stream can be divided into 
a number of vertical sections, and the average velocity in each deter¬ 
mined approximately by this method 

By the multiple-point method, the velocity at each of a large number 
of points, each representing the center of an equal area of the cross-sec¬ 
tion of the stream, is determined, and the average of the observed 
velocities is taken as the mean velocity in the section Or, the,velocities 
are observed at a large nurnber of points, and lines of equal velocity in 
the cross-section are then drawn and measured by planimeter; by utiliz¬ 
ing the method employed in computing mean elevation of a given area 
from a contour map the average velocity may be found. The employ¬ 
ment of this method assumes a condition of steady flow, not only for the 
whole body of water but also for each filament, since it is obviously 
impossible to observe simultaneously the velocities at all points in the 
cross-section. 

By the method of integrating in sections, the cross-section of the 
stream is divided into a number of vertical sections and the mean velocity 
in each is determmed by lowering and raising the meter from top to 
bottom and back to the top of each section, at a umform speed, for each 
observation. This is usually the most accurate and satisfactory method 
of making ordinary current meter gagings. 

In integratmg in one operation, the meter is lowered and raised as in 
integratmg by sections, but at the same time is moved in a horizontal 
direction across the stream at a uniform rate The result is intended to 
show the average velocity of the stream at one operation With a skill¬ 
ful operator, results of a high degree of accuracy may be obtained by this 
method, and much more rapidly than by integratmg in sections. 
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In a masonry conduit of regular form it is possible to make mtegra- 
tiona m one operation by means of a track board and pivoted sleeve, by 
which the meter is guided so as to pass over the entire area of the section 
of the stream, and if it is moved at a uniform speed, results of great 
accuracy may be obtained m this way. This method is employed in 
gagmg the flow in the aqueducts of the (Boston) Metropolitan Water 
Works, and has been described in detail by Walter W. Patch.^ 

An excellent discussion upon measurement of flow by meter observa¬ 
tions will be found in Hughes and Safford’s “Hydrauhcs,” and in Hoyt 
and Grover’s “River Discharge,” 1908. The subject is also treated by 
J. C. Hoyt and N C. Grover in certam of the “Water Supply Papers” 
of the U S. Geological Survey. 

Float measurements of the flow in sewers are rarely made except in 
rectangular channels or for the approximate determination of the 
velocity of flow between two manholes, but in studies of tidal currents or 
of sewage currents in bodies of water mto which sewage may be dis¬ 
charged, floats are universally employed. Occasionally, however, the 
use of floats to measure the velocity of flow m comparatively small 
sewers is practicable, as, for mstance, at Phoemx, Ariz , where a special 
float like a loosely fittmg plunger was used in 24-, 30-, and 36-in. pipe 
sewers, and its time of passage noted 

Three types of floats may be used—surface floats, subsurface floats, 
and rod or spar floats. Only surface velocities can be obtained by the 
use of surface floats and the results can be considered only as approxi¬ 
mations, owing to the modif 3 ung effects of the wmd Subsurface floats 
consist of relatively large bodies shghtly heavier than water, connected 
by fine wires to surface floats of suflicient size to furnish the necessary 
flotation and carrying markers by wluch their courses may be traced. 
The resistance of the upper float and connecting wire is generally so 
slight that the combination may be assumed to move with the velocity 
of the water at the position of the submerged float. Rod floats have 
been used for measuring flow in open flumes, with a high degree of 
accuracy. They generally consist of metal cylinders so loaded as to 
float vertically. The velocity of the rod has been found to correspond 
very closely with the mean velocity of the water m the course followed 
by the float. Detailed descriptions of the methods of making accurate 
measurements of flow in rectangular flumes may be found in Francis’ 
“Lowell Hydraulic Experiments” and in Hughes and Safford’s 
“Hydraulics.” 

The use of dyes for measuring the velocity of flow in sewers, particu¬ 
larly in small-pipe sewers, is one of the simplest and most successful 
methods that has been used. Having selected a section of sewer in 

1" Moaaurement of the Flow of Water in the Sudbury and Coohltuate Aqueduots,” 
Eno. Neaa, 1902 ; 47 , 488. 
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which the flow la practically steady and uniform, the dye is thrown in at 
the upper end, and the time of its arnval at the lower end la deteriuiiiod. 
If a bnght-colored dye is used, such as eosin, and a bright plate is sus¬ 
pended honzontaUy in the sewer at the lower end, the tune of jippear- 
ance and disappearance of the dye at the lower end can bo noted with 
considerable precision, and the mean between these two observc<l tunes 
may be taken as representative of the average tiiiie of flow. 

Chemical and electrical methods of gaging, while of groat value in 
measuring clean water, are not so apphcable to sewage nieasuroinents 
on account of the relatively large amounts of foreign matter contained 
in the sewage 



CHAPTER V 


QUANTITY OF SEWAGE 

Much information relating to the quantity of sewage likely to be, and 
actually being, produced by munioipahties has been published in various 
papers and reports. As the quantity is of fundamental importance in 
the design of sewers, mtercepters, pumping stations, and treatment 
works, an effort has been made herem to brmg together some of the more 
significant data and to set forth the prmcipal conditions influencing the 
volume of sewage. 

Sources of Sewage.—The quantity of sewage which must be provided 
for may be considered as made up of defimte portions of (1) domestic 
and industrial sewage, consisting of water from the public water supply 
carrymg the waste products due to modem domestic and mdustrial 
conditions; (2) industrial waste waters not origmating from the public 
water supply, consisting of certain quantities of water procured from 
other sources such as wells, rivers and lakes, defiled by the processes in 
which they have been used; (3) the water which finds its way into the 
sewers through infiltration and which is either ground water as or dinar- 
rily considered, or (in close proximity to rivers) may be water filtering 
through the ground from rivers; and (4) rainfall immediately collected 
and called “storm water.” This last item is treated in Chaps. VII, 
VIII, IX, and X. 

Relations between Quantity of Sewage, Population and Area Served.— 
The volume of domestic sewage per capita of population vanes rather 
widely in different municipalities and in the several portions of each 
municipality. Such differences are due to varying proportions of the 
population actually tributary to the sewers and to diversity m customs 
and facilities for the use of water. Usually, the volume of domestic 
sewage is somewhat less than the corresponding volume of water con¬ 
sumed, because the water used for certain industrial purposes, for 
extinguishing fires and for sprinkling lawns, as well as that lost by leak¬ 
age from the main pipes, will not appear in the domestic sewage. 

The quantity of industrial sewage resulting from the use of the 
public water supply depends upon various conditions, and usually bearsi 
little if any relation to population. Nevertheless, the total quantity of 
sewage, both domestic and industrial, resultmg from the use of the public 
water supply, usually bears a close relation to the population, 
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The volume of industrial waste waters not originating from the public 
supply depends upon the quantities of water available from other 
sources, the character of the mdustries and other local conditions. Data 
relating to such wastes can only be obtained from the plants producmg 
them. 

The volume of ground water entering sewers varies widely, and 
depends upon the extent to which the sewers are below ground-water 
level, the kind of sewers, the excellence of their construction, the charac¬ 
ter of soil in which they are laid, and various other conditions. In 
general, it will vary with the lengths of the sewers and with the areas 
tnbutary to them. 

ECONOMIC PERIOD OF DESIGN 

Sewerage works are generally so designed that they will be capable 
of serving the commumty adequately when it is of a size which it shall 
have reached after the lapse of a term of years called “the economic 
period of design.” The determination of the economic period of design 
is based upon a consideration of the probable growth of the community, 
the difficulty of relieving the system when it shall have become over¬ 
taxed, and the inconvemence to the public caused by the construction 
of sewers in the streets, on the one hand; and on the other hand, the 
carrying charges for sewers having surplus capacity and the difficulties 
of mamtenance due to small flows m large sewers. 

Laterals and sub-mam sewers are usually designed of adequate 
capacity to serve an indefimte period of time, that is, until the district 
shall have reached its assumed ultimate development; although there 
have been instances where radical changes in the character of a district 
have required extensive changes of such sewers. In the case of mains 
or trunk sewers of large size, particularly those intended to carry storm 
water, it may prove economical to base designs upon a comparatively 
short period of time, with the mtention of relieving these sewers by 
constructing substantially parallel hnes in other streets at a later date. 
In the design of interceptors, pumping stations, and treatment works, 
it is generally advisable to provide for a limited period of time which 
may be considerably shorter, in the case of such works as pumping 
stations and treatment plants, than in the case of intercepters. The 
latter cannot so readily be enlarged or relieved by means of parallel 
lines, but additions can be made to pumpmg stations and treatment 
plants, usually without material sacrifice of the portions previously 
built. 

There are so many conditions which may affect the growth of a com¬ 
mumty that estimates of its future size and requirements are attended 
by much uncertainty. It is therefore usually inadvisable to predicate 
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designs upon estimates of conditions which may exist more than from 30 
to 50 years in the future. It is possible to compute the “economic 
period” corresponding to the estimates of growth and requirements, 
but as such forecasts cannot be exact, precise computations of the 
economic period are not warranted and the engineer may as well deter¬ 
mine the economic period directly by the exercise of judgment. Where 
structures are paid for by borrowed money it is generally considered 
wise that they should be of adequate size fully to serve their purpose 
at least until the maturity of the secunties issued, although this policy 
need not prevent building of a pumpmg station, a treatment plant, or 
similar works, with a view to their extension within the period during 
which the securities for the portion first built are to run. 


POPULATION 

Growth.—It is impossible to forecast precisely the population of a 
city at any definite time in the future, or the rate at which the city will 
grow. A consideration of the growth of a city in the past, its location 
and natural advantages, together with a study of the past growth of 
other cities now of greater size, however, makes it possible to prepare 
a logical estimate of the probable future rate of growth 

The present population, if no recent census has been taken, may be 
estimated in a number of ways. The most obvious method is to 
assume that the rate of growth has been umform and the same as that 
between the two most recent census enumerations. Where the number 
of “assessed polls” is known, it is possible to obtain a fair approximation 
of the total population by multiplying this figure by a factor obtained 
by comparing the number of “assessed polls” with the population in 
past census years. Other factors of similar character may be obtained 
by use of “school census” returns, the number of voters at recent 
elections, the number of water-ser-vice connections, the number of names 
in the directory, or Poet Oflace or Police Department counts. None of 
these methods is, however, of great value in itself, but such methods 
may be utilized to confirm, or aid in formmg, an estimate. 

The future population may be predicted in a variety of ways which are 
more or leas logical, and if employed with care, and if the data used in 
applying them are correct, the results wiU probably average as close to 
the truth as it is reasonable to expect such prophecies to be. The 
degree of accuracy is sufficient to enable a sewerage system to be 
designed with capacity enough to meet the requirements during the 
term of years for which it is planned, and yet not be of such great 
capacity that it throws an unwarranted financial burden on the com¬ 
munity These methods of predicting changes in population are; 
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1. By assuming that the rate of growth between recent census enu¬ 
merations will remain constant for a considerable number of years. 

2 By assuming that the rate of growth can be shown graphically by 
plotting a curve through the pomts representing the population of the 
city at different dates and then extending this curve into future years. 

3 By assuming that the rate of growth will show a uniform arith¬ 
metical increase from one census year to another. 

4. By assuming a steady decrease in the percentage rate of increase as 
the city grows larger and older. 

Assumption of Uniform Rate of Growth.— A. prediction of the increase 
Lq population, based on the assumption that the rate of growth between 
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recent census years will remain uniform for a considerable future period, 
is shown by line A in Fig 58. This undoubtedly gives in many cases, 
particularly where the communities are young and thriving, results 
which are too large, as mdicated by the records of urban development. 
In view of this fact, the approval of the method contained in some of the 
early treatises on sewerage is an mdication of the slight basis of fact on 
which the plans made t|hen rested For example, in Baldwin Latham’s 
Samtary Engmeermg,”* the following advice is given: 

* Population of MUwaukee in 1920 waa 467 147 
a Edition of 1878^ ' 
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The mode usually adopted in approximating the future population is 
to ascertain what has been the prospective rate of increase for a number of 
years back, and by making the same, or, m some cases, a greater allowance 
for increase in the future, so to calculate what is likely to be the probable 
population m years to come In some districts this mode of estimatmg the 
population has been shown to be liable to error, as there are distncts, such as 
manufaeturmg or suburban distncts, located near largo centers of population, 
which are liable to rapid rates of increase, and, in some cases, the population 
of particular manufaeturmg and mining distncts has been found to dechne. 

This method was a favorite one in Germany down to about 1890, when 
it was discovered that many of the large cities which had increased 
uniformly from year to year from 1870 to about 1887 or 1888, had 
suddenly begun to grow at a much more rapid rate. Munich, Leipzig, 
and Cologne showed this change in an astonishing way Until this 
rejuvenation took place, it was customary to predict the growth of 
German cities by the formula, P = p[l + (//lOO)]" where P is the 
population after n years have elapsed, p is the present population, and/ 
is the annual percentage of increase in the population which has been 
observed. Practically, the growth of many of these cities could be 
satisfactorily represented by straight lines down to 1887. The growth 
of the population of the London metropolitan district from 1841 to 1891 
was about 20 per cent every decade, whereas the decennial rate of growth 
in Berlm and its suburbs was more rapid and, as is to be expected m a 
place of such rapid development in population, mdustries and commerce, 
the rate of mcrease has been erratic, like that of many thriving American 
cities. The method of estimatmg population by a uniform rate of 
mcrease is apparently most rehable in the case of large and old cities not 
subject to periods of great commercial or industrial activity. 

Graphical Method of Estiniatmg Future Population.—The information 
furnished by diagrams of the past growth of cities is instructive, but 
an attempt to predict the future growth of a city from its past develop¬ 
ment, by extending the curve of that development, is likely to give mis- 
leadmg results, as will be shown later. Diagrams have a useful place in 
the study of changes in population, but they are not a substitute for an 
investigation of the various influencea which have affected the city's 
growth in the past and may affect it in the future. 

Arithmetical Increase in Population.—The method of predicting 
future populatiop which is carried out by assuming that the increase from 
decade to decade is an arithmetical rather than geometrical progression 
gives the straight line shown in Fig. 68, hne B. An instance of the use 
of this method was in the preparation of the estimate of the population 
of the Borough of Manhattan made by the Board of Water Supply of 
New York City. According to this assumption, the arithmetical 
increase will become nil when the population reaches 3,000,000, the 
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entire subsequent growth of the city taking place in the other boroughs. 
Dr Walter Laidlaw estimated in 1908 that Ne^ York’s population would 
mcrease in an arithmetical rather than geometncal progression, basing 
this conclusion on the relative growth of New York and the whole 
country, the probable distribution of future immigrants, and an mcreas- 
ing westward trend of the country’s inhabitants 
Decrease in Percentage Rate of Growth as Cities Increase in Size.— 
As a general rule it is found that the larger the city becomes, the smaller 



Fig 69 Relation of rate of growth of population to total population in 

American dhea. 

will be the percentage rate of growth from year to year. In ITig. 69 
there are shown diagrams of the rates of growth of ten of the large cities 
of this country, m which the percentage growth in 10 years is plotted as 
ordinate against the population at the beginmng of the decade as 
abscissa. The general reduction in rate of growth as the cities increase 
in size is distmctly marked. From this diagram the figures in Table 40 




TabijB 40 —^Bate or Gbowth op Cttibs at Vakiotjs Stages op Growth, Percentage for 10-tbar Periods 
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for rates of growth corresponding to populations of 100,000, 200,000, 
etc. have been taken, and these latter figures (omitting abnormal rates 
enclosed in parentheses) have been averaged at the bottom of the table 
The curve representing these averages, after smoothing the irregularities, 
is shown by the heavy line in Fig. 59. All of the figures for Chicago 
and a portion of those for Philadelphia have been omitted as represent¬ 
ing conditions so abnormal that they cannot fairly be included, even in 
making up averages. 

These statistics show a gradual decrease in rate of population growth, 
from approximately 75 per cent m 10 years for cities of 100,000 popula¬ 
tion at the beginmng of the decade, to approximately 29 per cent in 
10 years at a population of 600,000, and a substantially uniform per¬ 
centage rate thereafter They are, however, to be taken only as repre¬ 
sentative of general tendencies and should not be apphed directly in 
individual cases. 

That rates of gi'owth vary in different parts of the country and at 
different dates as well as with commumties of different sizes, is dis- 
tmctly shown in Table 41, based upon statistics published in the reports 
of the U. S. Census Bureap. 

Decrease in Percentage Rate of Growth with Age.—In addition to the 
tendency toward the reduced rate of growth as cities grow larger, there 
is also a marked tendency toward a decreased growth as the nation grows 
older. In other words, the rate of growth, as a rule, for cities of similar 
size, was less between 1910 and 1920 than between 1870 and 1880, as 
shown by Table 42. This is also true of the population of the entire 
country, especially durmg the last half century, as shown by Table 43. 

Tablb 42.— Rate op Growth op Citibs prom Dboadh to Dboadb 


Cities between 100,000 Cities between 200,000 
and 200,000 and 400,000 


Decade 


Rate of 


Rate of 


Number 

increase. 

Number 

increase. 



per cent 


per cent 

1840-1860 

5 

60 6 



1860-1860 

5 

63.2 

2 

80 

1860-1870 

6 

62 4 

6 

60 

1870-1880 

10 

49 6 

6 

26 6 

1880-1890 

12 

76.8 

9 

40 8 

1890-1900 

19 

33.4 

13 

26 9 

1900-1910 

22 

38.8 

17 

42 2 

1910-1920 

36 

27 9 

17 

27 1 



182 


AMERICAN SEWERAGE PRACTICE 


Making the correctionB suggested by the Census Bureau for the popula¬ 
tion of 1870, it appears that the rate of growth of the country per decade 
has decreased in 120 years from about 36 to 15 per cent, although the 
actual growth in numbers dunng this time has increased from decade to 
decade. 


Tablb 43 —Population anu Rath op Geowth op United States 


Growth during decado 


Date 

Population 

Numerical 

1 Per cent 

1790 

3,929,214 



1800 

5,308,483 

1,379,269 

36.1 

1810 

7,239,881 

1,931,398 

36 4 

1820 

9,638,463 

2,398,672 

33.1 

1830 

12,866,020 

3,227,567 

33.6 

1840 

17,069,453 

4,203,433 

32 7 

1860 

23,191,876 

6,122,423 

35.9 

1860 

31,443,321 

8,251,446 

36 6 

1870 

39,818,4491 

8,376,128 

26 61 

1880 

60,165,783 

10,337,334 

26 0 

1890 

62,947,714 

12,791,931 

26 6 

1900 

76,994,676 

13,046,861 

20 7 

1910 

91,972,266 

16,977,691 

21 0 

1920 

106,710,620 

13,738,354 

14 0 


1 Cenaufl reports doim a defiaenoy in enumeration of Soutbom Btntos for 1870. Tlio 
Census Bureau gives estimated population and peroontage os stated The actual population 
as returned for 1870 was 38,568,371 


Methods of Estimating Future Growth.—Probably the best result to 
be denved mathematically may be obtained by assuming, in the light of 
the statements previously given, a decreasing rate of growth as time goes 
on, taking mto consideration the size of the city at the end of each decade. 
Such an estunate is shown in Fig. 60. One of the most frequently 
employed and useful methods is to base the prediction on the cxjierience 
of other cities which have already reached and passed the present 
population of the city under consideration. This is done, as shown in 
Fig. 58, by arranging the lines indicating the change in pojoulation of 
different cities so that when they have reached the present population of 
the city under consideration, they all pass through the same point. In 
this way their behavior, after passing this population, may be directly 
compared. This method may give results somewhat too high, as 
comnarison is made with the past growth of cities, and, as already 
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pointed out, there is a tendency, as time goes on, for the rate of increase 
to become somewhat smaller. 

It is usually desirable m such studies to mvestigate the growth of 
other cities in the vicimty at the same time as the growth of the city 
under special consideration, for the information thus obtained will 
generally reveal any local peculiarities m the increase of population. 


'■Jncreasem/Ofrafs 
^•■^7%*»^l'Kreasein to years 
*— Assu!^ Avera^ 

Increase into years 



1850 '56 'M '65 '70 I875 '80 '85 '90 '35 |goo '05 '10 '15 '70 1925 '30 '36 1940 

Years 

I^G. 60 —Growth of population of Now Bedford.^ 


Increase in Area.—In estimating the probable quantity of sewage to 
be provided for by main and intercepting sewers, it is important to take 
into account the probable increase in the area served by sewers and, in 
many cases, the probable inciease in area resulting from extension of the 
city limits. Such enlargements of area may cause large and sudden 
increases in population, which, if not anticipated, may cause the over- 
taxmg of main sowers during the period for which they were mtended to 
be adequate. Furthermore, such moreases in area often require long 
extensions in main sowers and may result in greatly mcreased quantities 
of ground water made tributary to the mams and mtercepters. Where 
the community is served by combined sewers, there is also the probability 
that for considerable periods in the future, or until the population 
becomes quite dense, brooks may be turned into the trunk sewers, thus 
adding materially to the nominal dry-weather flow of sewage. It is 
also of vital importance to consider where the estimated mcrease m 
population may occur in order that the lower sections of the main sewer 
* Aotual population, m 1020 was 121,217; and In 1026, 110,630 
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may be placed at elevations from whicli it will be possible to make 
extensions into new territory that may become populated wit hin the 
period for which it'is designed 

An illustration of increase in area by annexation is furnished by the 
growth of Cincinnati, shown in Table 44, compiled from data published 
in a general report on the disposal of the sewage of Cincinnati submitted 
in 1913 by H M. Waite, H. S. Morse, and Harrison P. Eddy. 

Table 44 — Annexations to the City op Cincinnati, 1819—1913 



Area 

Total 


Area 

Total 

Date of 

annexed. 

area. 

Date of 

annexed. 

area. 

annexation 

square 

square 

annexation 

square 

square 


zniles 

miles 


miles 

mdes 

18191 


3 00 

1903 

5 13 

41.96 

1849 

2 93 

5 93 

1904 

0 47 

42.43 

1850 

0 23 

6 16 

1906 

0 69 

43 02 

1856 

0 77 

6 93 

1907 

0 48 

43 60 

1870 

12 12 

19 06 

1909 

6 03 

49 63 

1873 

4 48 

23 63 

1910 

0 73 

60 26 

1889 

0 20 

23 73 

1911 

16 03 

66 29 

1896 

11 38 

35 11 

1912 

2 46 

68 74 

1898 

0 16 

36,27 

1913 

1 11 

69 86 

1902 

1 66 

36 83 

1920 • 


71 14* 


‘ Ongliial oity of CiiioiimB.ti, incorporated as a town in 1802, os n cdty in 1810 

1 Aotual area m 1920 as per oensus report 

There is a marked tendency at present, doubtless encouraged by 
constantly improving transportation facilities, for the inhabitants of 
cities to move mto suburban districts. This condition tends toward 
a lower density of population, although it is more effective in reducing 
the probable increase m density than in diminishmg existing density. 
As the suburban areas become more thickly populated, the improvements 
of the cities are desired there and are ultimately demanded. To 
secure these, it often becomes necessary for suburban districts to be 
annexed to the city, thus extending the oity limits. It is reasonable, 
therefore, to expect a city to increase in area as well as population. 
In m akin g studies of the future sewerage needs of Fort Wayne, for 
instance, the authors estunated that the area would grow from 8.6 
square miles in 1910 to 17 3 square miles in 1960. In a number of 
places, mumcipal boundaries have been ignored in water supply and 
sewerage undertakings, as at Boston, Mass., and several sections of 
the territory about New York. 

This t^dency of large cities to develop by the absorption of adjoining 
communities, or by the delegation of full authority over certain classes 
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of public works to commissions acting for the entire distnct served, has 
led the Bureau of the Census to pay special attention to metropolitan 
districts, because 

in some cases, the municipal boundanes give only on inadequate 
idea of the population grouped about one urban center, m the case of many 
cities, there are suburban districts with a dense population outside the city 
limits, which, m a certain sense, are as truly a part of the city as the distncts 
which are under the municipal government. 

The 1910 census showed that in 26 such metropohtan districts, the 
average percentage of increase m the cities during the last decade had 
been 33 2 per cent and in the suburbs 43 per cent. Corresponding 
figures from the 1920 census for 29 such districts were 26 1 and 32 7 per 
cent. But these average figures are extremely misleadmg when used 
as a guide to the development of the smaller metropolitan districts, 
because they are greatly influenced by the growth of districts with more 
than 600,000 population, and the location and age of a city are of much 
influence on the development of its suburbs as well as of itself. For 
example. Providence and Detroit had about the same population in 
1900, but the development of the Providence metropolitan district in 
the following decade was only 29.4 per cent while that of the Detroit 
district was 67.1 per cent. Furthermore, the development of the 
Providence suburbs was more rapid than that of the city, whereas the 
development of Detroit was almost wholly in the city proper. In 
the 1910-1920 decade the differences had become even more marked; the 
entire Providence district increased only 12 2 per cent, while the Detroit 
distnct increased 126.6 per cent, and the rate of growth of the suburbs 
had passed that of the city proper, the percentages being 254.9 and 
113 3, respectively. 

Density of Population.—The average density of population varies 
greatly in different cities, as is shown in Table 45. It should be noted 
that the greatest average density is found in cities of small area, while 
the largest cities have moderate average densities on account of large 
areas of paries and of sparsely populated distncts. 

In designing sewers for a oommumty it becomes necessary to estimate 
the probable distribution of population within the city This is largely 
a matter of conjecture, except m the sections of greatest age, as the 
density may vary from 2 or even less per acre in outlying districts to 
150 or more per acre in the most densely settled parts of some large 
cities The New York Metropohtan Sewerage Commission estimated 
that the future density of population in the part of Manhattan which 
drains into the Hudson River from the Battery to the Harlem River will 
be 306 persons per acre; that of the part of the Borough of the Bronx 
draining mto the Harlem River will be 239 persons per acre, and that 
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Tablb 46 —Avhbagb Dbnbitt of Population fob tiih 62 Cities of Over 
60,000 Population in Which the Density is Greatest 
Computed from data in Census Bureau’s “Financial Statistics of Cities” 
for 1910 and 1921 


Density, Aron land 




persons per acre 

Population, 

Burfuoo within 


City 




1020 

city limits, 



1920 

1 1010 

1 1900 


aoros, 1020 

1 

Hoboken, N J 

82 

86 

71 

08,100 

830 

2 

SomerviUe, Mass 

37 

30 

21 

03,091 

2,618 

3 

Jersey City, N J 

36 

32 

26 

208,103 

8,320 

4 

Passaic, N J 

32 

26 

13 

63,841 

2,002 

S 

New York, N Y 

30 

26 

10 

6,620,048 

191,300 

6 

Bayonne, N J 

30 

22 

13 

70,751 

2,644 

7 

Milwaukee, Wis 

28 

26 

22 

467,147 

10,200 

8 

Newark, N J 

28 

23 

21 

414,624 

14,012 

9 

Boston, Mass 

27 

27 

23 

748,000 

27,036 

10 

Trenton, N J . 

27 

22 

16 

110,289 

4,400 

11 

Cambridge, Mass 

27 

26 

23 

100,094 

4,002 

12 

Paterson, N J 

26 

24 

20 

136,876 

6,167 

13 

Altoona, Pa 

26 

26 

23 

00,331 

2,317 

14 

Wilmington, Del , 

26 

22 

19 

110,168 

4,406 

16 

Norfolk, Va 

24 

10 

10 

116,777 

4,800 

16 

Camden, N J .. 

24 

21 

17 

116,300 

4,916 

17 

Charleston, S C 

24 

24 

23 

07,957 

2,874 

18 

Pittsburgh, Pa ... 

23 

20 

13 

688,313 

26,630 

19 

Chicago, HI 

22 

19 

14 

2,701,705 

123,.383 

20 

Philadelphia, Pa 

22 

10 

16 

1,823,770 

81,020 

21 

Cleveland, Ohio . 

22 

10 

17 

700,811 

30,080 

22 

Lawrence, Moss 

22 

21 

16 

04,270 

4,317 

23 

Wilkes-Barre, Pa 

22 

21 

10 

73,833 

3,320 

24 

Detroit, Mich 

21 

18 

10 

1,044,800 

49,839 

26 

Providence, R I 

21 

19 

16 

237,606 

11,388 

26 

Lancaster, Pa 

21 

10 

10 

63.160 

2,530 

27 

St Louis, Mo 

20 

17 

16 

778,807 

30,040 

28 

Buffalo, N Y 

20 

17 

14 

600,776 

24,894 

26 

Hamsburg, Pa 

20 

10 

17 

76,017 

3,700 

30 

East Orange, N J 

20 

14 

0 

50,710 

2,610 

31 

Son FranoiBao, Cahf 

19 

14 

12 

600,070 

20,880 

32 

Savannah, Qa 

19 

10 

18 

83,252 

4,473 

33 

Johnstown, Pa 

10 

20 

16 

07,327 

3,488 

84 

Cheater, Pa . 

10 

13 

11 

68,030 

3,020 

36 

Reading, Pa 

18 

24 

20 

107,784 

0,001 

30 

Boheneotady, N Y 

18 

16 

11 

88.723 

6,010 

37 

Portsmouth, Va 

17 

21 

19 

61,387 

3,130 

38 

Columbus, Ohio 

10 

14 

12 

237.031 

14,427 

30 

Louisville, Ey 

18 

17 

10 

234,801 

11,340 

40 

Dayton, Ohio 

16 

12 

13 

162,660 

10,107 

41 

Bridgeport, Conn 

16 

13 

0 

143,666 

0,370 , 

42 

Lynn, Mass . 

16 

13 

10 

00,148 

0,706 

43 

Elisabeth, N J 

16 

12 

0 

06,783 

6,101 

44. Evansville, Ind 

16 

10 

11 

85,204 

6,677 

46 

Racine, Wls 

16 

13 

10 

58,603 

3,868 

46 

Covington, Ky 

16 

17 

24 

67,121 

3,837 

47 

Baltimore, Md 

14 

20 

20 

733,820 

60,600 

48 

Rochester, N. Y 

11 

17 

14 

206,760 

20,500 

40 

flyraouse, N Y 

14 

12 

10 

171,717 

11,840 

60 

New Haven, Conn 

14 

12 

0 

102,637 

11,400 ' 

61 

Hartford, Conn. ,,, 

14 

0 

7 

138,030 

10,102 

62 

Tulsa, Okla 

.. 14 



72 076 

R 002 
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of the district draining into the Lower East River will be 198 persona 
per acre.^ The probable lowest density in any district, 8 per acre, wiU 
be in the territory draining into the Upper East River. These figures 
were obtained by taking the probable population of Manhattan and 
Brooklyn as of 1,960, Queens as of 1,950, and the Bronx as of 1,940. 
Furthermore, the character of the various parts of a city changes. A 
residential section of the present decade may become the commercial or 
manufacturmg district of the next decade, or the change may be in the 
type of residential development from a section contaimng the homes of a 
people of considerable means to a congested tenement district These 
influences may result in mcreasing the density, causing it to remain 
nearly stationary, or even decreasmg it in some cases. 

Figures for average density of population may be and usually are of 
little significance, since all cities which cover extensive areas include 
sections m which the population is sparse, and sometimes considerable 
areas of parks, cemeteries, railroad yards, etc. The density of popula¬ 
tion in small cities which are concentrated in small areas may often be 
much greater. For instance, in 1920, West Hoboken and Umon, N. J , 
showed densities of 76 per acre; West New York, N J., 49, Braddock, 
Pa., 63; Homestead, Pa , 60, and liamtramck, Mich , 42 per acre. 

Still more significant in estimatmg the population to be served by a 
sewerage system are the densities of population m wards of cities. 

A study of the density of population in the different wards of Boston 
as shown by four censuses at 5-year intervals, and of the changes in 
density durmg the intervemng 16 years, reveals some facts which may 
aid in predictmg the growth of other cities of similar character. The 
statistics are given in Table 46 The city may be divided for this pur¬ 
pose into outlymg sparsely settled regions, good residential districts, 
fairly densely populated busmess and commercial districts, and cheap 
tenement districts. The increase in density of the sparsely settled 
districts, wards 23, 24 and 25, was very slow, amounting to only 1 or 2 
persons per acre per 10 years When, however, such districts became 
fairly well built up and desirable residential sections with densities of 
about 20 to 26 per acre, the increase became rapid, amounting for 
example in wards 20 to 23, to from 5 to 13 persons per acre per 10 years. 
The lodging-house districts and business sections or those in a transitory 
stage remained nearly uniform or even decreased in density under certam 
conditions. The sections with the tenement houses of lowest rental, as 
ward 8, appear to be increasing rapidly in spite of a density already very 
great. In fact, the greatest increase in the whole city in the 15 years 
hflfl taken place m those sections, and it appears to be hazardous to 
assume that the density m such districts, because it is already high, will 

1A reoont nowspapor article (1925) Btatea that the present population in the lower east 
aide of Manhattan Borough is 219,256 in an area of 429 acres—a density of 511 per aore. 
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not go on increasing. Where a district is in a transitory stage, as 
between a place for business and a place for residence, its ultimate course 
may largely affect the density. If it becomes commercial, the density 
may not change greatly or may decrease, whereas if it changes into a 
cheap tenement region, the density may go on increasing to a very high 
figure. 

Table 46— Growth in Population op the Wards op the City op 

Boston 

1896 1900 1906 1910 


Area 


Ward 

land 

in 

acres 

Popul 

per 

acre 

Per 

cent 

of 

popul. 

Popul 

per 

acre 

Per 

cent 

of 

popul. 

Popul 

per 

acre 

Per 

cent 

of 

popul. 

Popul 

per 

acre 

Per 

cent 

of 

popul 

1 

1,188 

17 7 

4 23 

19 2 

4 07 

21 4 

4 27 

24 9 

4 43 

2 

357 

60 5 

4 34 

64 2 

4 09 

72 6 

4 35 

80 7 

4 30 

3 

832 

42 0 

2 81 

43 9 

2 60 

44 7 

2 49 

46.2 

2 29 

4 

301 

44 4 

2 69 

44 0 

2 36 

41 5 

2 10 

44 1 

1 98 

6 

207 

62 7 

2 61 

62 0 

2 29 

61 7 

2 12 

61 9 

1 91 

6 

293 

96 1 

6 61 

104 3 

6 46 

102 3 

5 04 

122 0 

6 33 

7 

394 

43 0 

3 42 

37 6 

2 64 

39 6 

2 62 

37 9 

2 22 

8 

171 

136 0 

4 66 

168 5 

5 14 

180 4 

6 17 

190 0 

4 84 

9 

186 

124 6 

4 66 

132 0 

4 38 

118 9 

3 72 

141 6 

3 94 

10 

394 

57 2 

4 64 

66 2 

3 96 

60 6 

4 00 

64 3 

3 78 

11 

663 

30 0 

4 01 

29 1 

3 44 

33 7 

3.75 

41 4 

4 09 

12 

236 

92 0 

4 36 

100 6 

4 21 

92 6 

3 65 

103 4 

3 62 

13 

611 

40 7 

5 01 

37 4 

4 07 

36 4 

3 64 

36 3 

3 22 

14 

405 

47 4 

3 86 

63 0 

3 82 

64 7 

3 72 

68 2 

3 62 

16 

277 

67 2 

3 76 

71 1 

3 61 

73 3 

3 41 

76 6 

3 16 

16 

664 

28 9 

3 28 

36 5 

3 67 

38.0 

3 68 

46 6 

3 82 

17 

460 

46 8 

4 26 

64 4 

4 46 

52.8 

4 08 

67 4 

3 94 

18 

220 

98 6 

4 36 

101 9 

3 99 

100 6 

3 72 

103 3 

3 39 

19 

760 

29 4 

4 60 

36 7 

4.86 

38 4 

4 01 

41 7 

4 73 

20 

1,716 

12 6 

4 33 

19 0 

6 SO 

24 4 

7 02 

32 5 

8 31 

21 

640 

30 1 

3 88 

37 3 

4 26 

41 6 

4 46 

60 6 

4 66 

22 

760 

29 8 

4 49 

33 7 

4.57 

36 5 

4 66 

38 1 

4 47 

23 

7,617 

2 4 

3 68 

3 1 

4 21 

3.5 

4 44 

4 0 

4 67 

24 

3,252 

5 6 

3 67 

8 3 

4 83 

9 7 

5 32 

11 6 

6 63 

26 

2,740 

5.5 

3 02 

7 0 

3 44 

8 0 

3.66 

9 7 

3 96 

Av. density 

20 0 


22.7 


24 1 


27 1 



Changes in ward boundaries between 1910 and 1916 make the figures 
of latter censuses incomparable with those in the above table 
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Ward 

Area, 

Population 

Per cent 

Density 

acrea^ 

1900 

1910 

change 

1900 

1910 


1 

1,440 

43,764 

29,528 

-33 0 

30 4 

20 5 

2 

800 

44,583 

42,801 

- 4 0 

55 6 

53 5 

3 

960 

44,425 

46,135 

4 0 

46 3 

48 1 

4 

960 

49,058 

49,650 

1 0 

51 1 

51 7 

5 

2,240 

48,206 

57,131 

19 0 

21 5 

25 5 

6 

1,600 

57,831 

75,121 

30.0 

36 1 

47 0 

7 

4,160 

55,074 

90,423 

64 0 

13 2 

21 7 

8 

13,624 

49,493 

65,810 

33 0 

3 6 

4.8 

9 

640 

45,984 

44,801 

- 3 0 

71 8 

70 0 

10 

640 

47,525 

51,707 

9 0 

74 3 

80 8 

11 

1,120 

57,601 

57,664 

0 1 

51 4 

61 5 

12 

2,880 

50,246 

91,521 

82 0 

17 4 

31 8 

13 

1,600 

43,266 

58,721 

36 0 

27 1 

36 7 

14 

1,280 

49,299 

52,770 

7 0 

38 5 

41 2 

16 

1,120 

49,178 

60,438 

23 0 

43 9 

53 9 

16 

800 

58,158 

65,223 

12 0 

72 8 

81 5 

17 

720 ' 

60,084 

70,099 

6 0 

91 9 

97 4 

18 

' 640 

31,404 

26,137 

-17 0 

49 1 

40 8 

19 

640 

52,024 

58,023 

12 0 

81 3 

90 7 

20 

800 

49,271 

61,708 

25 0 

61 6 

77 1 

21 

960 

50,283 

47,906 

- 5.0 

52 4 

49 9 

22 

960 

52,523 

49,324 

- 6 0 

54 7 

61 4 

23 

800 

45,601 

44,320 

- 3 0 

57 0 

55 4 

24 

1,120 

43,465 

52,428 

21 0 

38.8 

46 8 

25 

4,160 

54,588 

99,696 

83 0 

13.1 

24 0 

26 

4,640 

43,354 

74,793 

72 0 

9 3 

16 1 

27 

20,480 

44,290 

112,793 

156 0 

2 1 

5 6 

28 

1,760 

55,605 

68,183 

23 0 

31.6 

38 7 

29 

6,400 

51,243 

81,985 

60 0 

8 0 

12 8 

30 

1,280 

52,757 

51,308 

- 3 0 

41 2 

40 1 

31 

11,200 

50,954 

78,571 

54 0 

4 5 

7 0 

32 

8,480 

40,211 

70,408 

75 0 

4 7 

8 3 

33 

12,944 

37,100 

70,841 

91 0 

2.9 

5 5 

34 

3,200 

26,611 

67,769 

155 0 

8 3 

21 2 

35 

4,960 

28,086 

59,547 

112 0 

5.7 

12 0 

Total. 

. 122,008 

1,698,575 

2,185,283 

28 6 

13.9 

17 9 


> Includes water surface 
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Similar tendencies in Chicago are indicated in a report on sewage 
disposal in the Chicago Samtary Distnct, by G. M. Wisner. The 
average density of the four most densely populated wards increased from 
76 2 to 86 2 m 10 years (Table 47) The tendency was for tho density of 
business sections either to stand still or to decrease somewhat. It should 
be borne m mind, however, that this refers to resident population, and 
that the number of persons present in the district during the business 
hours is probably mcreasmg at a rapid rate. 

Between 1910 and 1920 there were radical changes in ward boundaries 
and also in the numbering of wards, so that figures for population and 
density in wards in 1920 are not comparable with those in. the table. 
In 1925 a new division of the city was made, this division being into 60 
wards substantially equal in population, but varying widely in area. 
The density of population in these wards ranged from 4 to 86 per acre. 

Effect of Zoning.—^The most direct effect that the engineer realizes in 
undertakmg to design a sewerage system, in a community which has been 
zoned and which has an effectively administered zoning ordinancio, is t.ho 
relative certainty and economy with which he con adapt tho sewers to tho 
service they will be called on to perform . The perfection of sewer 
performance must be proportioned to property values In zoned ureas, tho 
property values are relatively easy to determine and also relatively stable, 
so that the engmeer has a much more reliable guide to judgment than ho 
has when the future character and, therefore, the future value of tho jirop- 
erty is uncertain ^ 

Hansen has shown that, witli a typical block 330 by 060 ft., and lots 
60 ft. wide, the densities of population and percentages of impervious 
area would be about as follows. 


Character of district 


Development 


Density of 
population, 
persons por 
aero 


Impervious 
surface, 
por oont 


Dense residential 

Medium residential 

Light residential 

Mercantile 
Light commercial 
Industrial. ,.. 


Two-family houses 
and six-family apart¬ 
ment bmldmgs 
Mostly smgle-fanuly 
houses 

Smgle houses only, 
some on double lots 


55 

GU 

35 

43 

15 

31 

14 

100 

30 

80 

10 

00 


1 Hanbbn, Paul, ‘ The Relation of Zoning to tho Doelgn of Dnilnago and Sewerago 
Systems, ’ Trans Am, Soc C E, 1925, 88, 680 



QUANTITY OF SEWAGE 


191 


Zoning may also be advantageous in preventing low-lying land from 
being occupied in such a way as to require drainage or sewerage, or at 
least to restrict the uses of such districts so as to avoid the worst diffi¬ 
culties attendant upon poor natural drainage 

Accuracy of Population Estimates.—It appears that, in the majonty 
of cases, forecasts of population made by the methods described above 
indicate somewhat larger populations than those actually found by 
census counts. From a comparison of some 40 population estimates 
with census figures, a number of them covenng periods of 36 years 
since the date of the last census preceding the estimate, it appears that 
on the average the estimated population hq^ exceeded the actual popula¬ 
tion by about 1 per cent for each year which has elapsed 

As a rule, curves of actual population growth are not regular but 
fluctuate somewhat widely Curves of predicted population are always 
smooth curves. Therefore, it is not to be expected that actual popula¬ 
tions for any particular place should correspond closely to the estimated 
population for each of several census periods. The deviation is likely 
to be more marked with smaller than with larger cities, since the former 
are more susceptible to the effect of various conditions affecting the rate 
of growth. Therefore, it is possible that an estimate which may ulti¬ 
mately prove to be a good representation of average conditions may 
depart widely from census figures at each of several census periods. 
Differences amounting to 20 per cent or even more do not necessarily 
indicate that the estimate is diverging materially from the general 
trend. 

A series of estimates of the population of 27 cities and towns within 
10 miles of Boston, made by Frederic P. Stearns for the Report on a 
Metropolitan Water Supply (1896) is unusually complete and affords a 
large amount of data in this connection. Because of his long experience 
and personal familiarity with the communities under consideration. 
Steams was peculiarly well qualified to make such estimates Massa¬ 
chusetts takes a state census between the Federal censuses, so that 
population counts are available at 6-year intervals Stearns’ estimates 
were made before the 1896 counts had been taken; consequently, the 
latest census used was that of 1890. There have been 7 census counts 
since the estimates were made. In all, 186 comparisons between esti¬ 
mated and actual populations are possible. These show 27 cases m 
which the population was underestimated and 156 m wliich it was over¬ 
estimated, while in 3 cases the estimates agreed with the actual popula¬ 
tions The averages of the percentage relations vary from an excess of 
2 per cent after 6 years to one of 44 per cent after 35 years. The range 
of differences vaned from 10 per cent under estimate to 30 per cent 
over estimate after 5 years, and from 17 per cent under estimate to 90 
per cent over estimate after 35 years. 



192 


AMERICAN SEWERAGE PRACTICE 


Comparison of the figures for individual places shows clearly the 
effect of local circumstances, such as a serious fire checking development, 
unexpected growth due to the provision of rapid-transit facilities to 
certain suburban distncts, or abnormal and unanticipated industrial 
development. 

In so far as conclusions may be drawn from these figures, it appears 
that forecasts of population based upon experience of the past are likely 
to prove somewhat too high in about 86 per cent of the cases, and too 
low in the remainder; that in extreme oases the divergence may amount 
to as much as 80 or 90 per cent over the true population in a period of 
35 or 40 years, or it may fall short of the true population by 20 per cent 
in the same period of time. 

These figures are believed to justify the statement that forecasts of 
population prepared by the methods described above provide as reason¬ 
able estimates of future conditions as it is feasible to make. This is 
especially true for short-time predictions of, say, 15 to 20 years. The 
estimates are more likely to be too high than too low, which is desirable. 

KELATION BETWEEN WATER CONSUMPTION AND SEWAGE 

Proportion of Water Supply Reaching Sewers.—It is natural to think 
of sewage as consisting of the mumcipal water supply defiled by the 
wastes of the community, in which case the quantity of water consumod 
would be an accurate measure of the quantity of sewage produced. 
This impression, however, is incorrect, as only a portion of the municipal 
water supply reaches the sewers, and this may constitute less than half 
of the sewage. Much water from other soqrces also goes into tho 
sewers. 

A considerable part of the water supply used by railroads, by manufac- 
turmg establishments and power plants, in street and lawn sprinkling, for 
extinguishmg fires, and by consumers not connected with the sowers, 
fails to reach the sewers, and there is usually considerable leakage from 

Table 48 —Estimated Quajjtity of Water Supplied and Not llEAriiiNfi 
THE Sewers, in Milwaukee, 1911 
Gallons per capita daily 
Steam railroads .. 


Manufacturmg and mechanical purposes 
Street spnnkliiig . 

Lawn sprinkling 

Consumers not connected with sewers 
Leakage from mams and services 


. .'5 

. 5 

■ • 21^a 

.. 

... 151 

Total 


40 


1 The leakage probably greatly ezoeeda this in many citlea 
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mams and service pipes The Milwaukee Sewage Disposal Commission 
estimated in 1911 that the quantity of water supply for the several 
purposes listed in Table 48 never reached the sewers. This is a total of 
40 gal, or 38 per cent of the supply at the time, which was 105 gal. per 
capita daily. 

Table 49— Ratio of Sewage Flow to Consumption op Water in 
Various Cities during Suooessive Years, Per Cent 

Mass North 



Metropolitan 

Worcester, 

Brockton, 

Quincy, 

Providence, 


Sewerage 

Mass 

Mass 

Mass. 

R. I. 


District 





1900 


155 

59 



1901 


109 

66 



1902 


158 

56 



1903 


161 

60 


184 

1904 

121 

124 

56 

130 

178 

1905 

111 

123 

54 

106 

188 

1906 

119 

169 

73 

117 

166 

1907 

121 

164 

06 

120 

146 

1908 

111 

169 

69 

123 

150 

1909 

122 

163 

63 

143 

160 

1910 

119 

136 

63 

143 

120 

1911 

112 

143 

65 

Fitchburg, 

156 





Mass 


1912 

115 

142 

72 

, , 

162 

1913 

126 

154 

89 


173 

1914 

127 

147 

03 


195 

1916 

140 

130 

84 


168 

1916 

145 

145 

85 

72 

186 

1917 

137 

126 

83 

82 

182 

1918 

123 

142 

80 

64 

154 

1919 

143 

148 

no 

79 

171 

1920 

143 

147 

94 

71 

102 

1921 

139 

141 

107 

59 

' 154 

1922 

141 

143 

114 

81 

149 

1923 

136 

137 

98 

77 

141 

1924 

123 

136 

96 

85 

147 

1925 

122 

137 

98 

78 

176 

1926 

123 

144 

94 

80 

182 


It is probably true that in many places some of the leakage from mams 
and services ultimately finds its way into the sewers by infiltration, but it 
IS impossible to determine the proportion and it will vary greatly m 
different communities In spite of the fact that all of the municipal 
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water supply does not reach the sewers, it is important to know its 
quantity and to use the data in forming an estimate of the quantity of 
sewage which will be produced, particularly durmg the dry season of 
the year That the water supply is a very important item in the flow 
of sewage is indicated by Table 49. It will be seen that although the 
relation between the two vanes widely in different cities, the relation is a 
fairly constant one in the same city from year to year. 

Continuous gagmgs for one year (1926-1927) at Denver, Colo , showed 
monthly ratios of sewage to water consumption ranging from 57 to 97 
per cent and averaging 76 per cent ^ 

Water Consumption in Cities.—The consumption of water in Ameri¬ 
can cities, particularly the different classes of consumption and the 
variations m tlie hourly, daily, weekly, and monthly rates at which water 
is used, IS discussed in detail in a report by Metcalf, Gifford, and Sul- 
hvan* upon which much of the following discussion of the subject has 
been based 

Table 60 gives the approximate population served, the water con¬ 
sumption in gallons per day per capita, and the percentage of services 
metered, for 12 typical Amencan cities, yearly from 1890 (or such later 
date as the figures are available) to 1926. It will be seen that in nearly 
all the cases reported, moat of the services are now metered. In 
general, the introduction of meters has been accompanied or followed 
by a considerable reduction in water consumption. This has usually 
been followed later by a moderate increase in consumption, due in large 
measure to the greater facihties for using water provided by modern 
plumbmg systems, and, as X. H. Goodnough has noted,“ “When the 
amount of water he uses is measured, and he pays for just what he uses, 
the householder soon learns that its cost is insigmficant as compared 
with its value.” At the same time, the effect of lealcs appears in the 
bill, so that leaks of any consequence m house plumbing will be repaii’ed 
promptly. 

Goodnough found^ that, in 22 American cities, the annual increase in 
daily consumption per capita after about 76 per cent of the services 
were metered, has ranged from about 0 76 to 2.60 gal. and averaged 
about 1 42 gal. 

The Milwaukee Sewage Disposal Commission, which studied this 
question carefully, said in 1910 that, takmg into account the liistory of 
the Milwaukee water works, the industrial character of the city, the 
low water rate of 6 cts per 1,000 gal, as well as the availability of river 
and lake water, it was of the opimon that an increase of 5 gal per day 
per capita per decade was a reasonable allowance to make for the next 

^Eng Newa-Rec , 1G28, 100, 560 

*Jour New Eng Water Worba Aaaoc , 1913, 37, 29 

> " Report on Water Supply Needa and Reflouroea of MaBaaohuaetta," 1922, p. 79 

*ZiOo, cit„ pp, 05 and 80. 
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40 years The figures m Table 50, however, show an increase of 24 
gal. between 1910 and 1920, and an actual decrease from 1920 to 1926. 


Table 50—Water Consumption and Metering in Typical American 

Cities 


Place 

1 Item 

1 190C 1 

1906 1 

1010 1 1016 1 1020 1 

1026 

Brockton, Mass 

Population 


65,700 

06,000 74,588 79,720 

83,548 

Consumption 
Per cent 


36 

36 

38 

43 

60 



metered 


90 

90 

100 

100 

98 

New Bedford, Mass 

Population 

62,600 

76,000 

06,662 110,000 131,360 

146,800 

Consumption 
Per eont 

101 

06 

79 

70 

78 

66 



metered 

16 

23 

48 

06 

00 

93 

Worcester, Mass 

Population 

118,421 132,660 160,738 100,500 179, 

,023 

191,000 


Consumption 
Per cent 

60 

73 

71 

76 

90 

82 


metered 

04 

06 

07 

100 

97 

97 

Frovidpnce, B. I 

Population 

187,297 214,335 246,000 278,727 270,472 

312,016 

Consumption 
Per cent 

64 

68 

03 

62 

80 

75 



metered 

83 

86 

89 

03 

04 

97 

Hartford, Conn 

Population 


91,000 106,600 138,000 170,000 

188,000 

Consumption 
Per cent 


09 

70 

67 

71 

86 



metered 


99 

90 

08 

97 

06 

Cleveland, Ohio 

Poijulation 

307,200 402,000 604,073 766,000 025, 

,283 1, 

068,466 

Consumption 
Per cent 

160 

131 

102 

102 

162 

148 



metered 

e 

70 

98 

99 

08 

66 

Cincinnati, Ohio 

Population 

325,002 343,264 363,601 410, 

, 000 401,247 

416,000 

Consumption 
Per cent 

117 

129 

128 

119 

123 

no 



metered 

8 

12 

33 

65 

100 

100 

Indianapohs, Ind 

Population 



237,000 260, 

,600 322,200 

372,000 

Consumption 
Per cont 



81 

82 

04 

03 



metered 



11 

12 

14 

31 

Milwaukee, Wis 

Population 

286,316 336,000 300,000 460, 000 500,030 

606,000 


Consumption 
Per cent 

83 

01 

100 

105 

133 

128 


metered 

80 

04 

08 

00 

00 

06 

New Orleans, La 

Population 



363, 

,100 387,210 

411,000 

Consumption 
Per cent 




71 

107 

120 



metered 




100 

100 

100 

San Antonio, Tez 

Population 



00,000 132, 

,000 101 

,000 


Consumption 
Per cent 



128 

117 

126 




metered 



18 

31 

43 


San Francisco, Col 

Population 

343,000 384,000 417,000 600,000 676,000 


Consumption 
Per cont 

74 

01 

86 

86 

66 

100 




metered 

23 

21 

27 

31 



Population Borvod by water worka 
Couaumptlon in eallons nor day per capita 
Peroontago of sci^oea which oro metered 

Fluctuations in Water Consumption.—While it is important to know 
the average quantity of water consumed, it is of still greater value to 
have data relating to the fluctuations in consumption, as a sewer must 
be designed to take the sewage when flowing at its maximum rate. The 
mamrmm rate of water consumption usually occurs during summer 
months when water is in demand for street and lawn sprinklmg and the 
excess is not likely to reach the sewers, or in the wmter when large 
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Table 51 —^Records op Maximum Water Consumption por Massa¬ 
chusetts Ciriaa and Towns, 1910 


o.t,»tow. ''a'- 


Abington and Rockland 

AmeAury 

Andovar 

Attleborough 

Avon 

Ayer 

Beverly 

Braintree 

Bridgewater and E Bridge- 
water 
Broekton. 

Brookline 

Cambridge 

Canton 

Danvers and Middleton 

Dedham 

Easton 

Fall lUver 

Foxborough 

Framingham . 

Franklin . . 

Gardner . 

Gloucester 

Grafton 

Hudson 

Ipewieh 

Lawrenoe 

Lowell 

Lynn and Saugus . 

Manchester 

Mansfield 

Marblehead 

Marlborough 

Ma^ard 

Methuen 

Mlddleborouoh 

Milford and Hopedale . 

Montarae and Erving 

Nantu^et .. , 

Nabok 

Needham 

New Bedford 

Newburyport 

Newton 

North Andover 

North Attleborough 

North Brookfield ,. , 

Norwood 

Orange 

Peabody 

Plymouth 

Provinoetown 

Randolph and Holbrook . 

Reading . 

Rockport. 

Salem 

Sharon 

Stoughton 

Taunton 

Wakefield 

Walpole 

Waluiam 

Webster 

Wellesley 

Whitman 

Wlnohondon 

Woburn 

Wcroester . 


12.383 
9,804 
7,301 

16,215 

2,013 

2,797 

18,660 

6,066 

11,051 

66,878 

27,792 

104,839 

4,707 

10,636 

0,284 

6,130 

110,205 

3,863 

12,048 

6,641 

14,600 

24.308 
6,705 
6,743 
6,777 

86,802 

106,204 

97.383 
2,673 
6,183 
7,338 

14,579 

6,300 

11,448 

8,214 

16,243 

8,014 

2,062 

0,866 

6,026 

06,662 

14,049 

30,806 

6,620 

9,662 

3,075 

8,014 

6,282 

16,721 

12,141 

4,360 

7,117 

5,818 

4,211 

43,607 

2,310 

6,316 

34,250 

11,404 

4,802 

27,834 

11,500 

6,413 

7,202 

5,678 

15.308 
145,984 


Max monthly Max weekly Max dally 
consumption ooneumption consumption 

Average 

daily 


con¬ 

sump¬ 

Gal 

Per 
cent of 

Ool 

Por 

cent of 

Gal 

Per 

cent of 

tion per 
person 

per 

person 

aver¬ 

age 

for 

por 

person 

por 

aver¬ 

age 

for 

per 

person 

Per 

aver¬ 

age 

for 


day 

year 

day 

year 

any 

year 

45 

63 

137 

70 

161 

00 

107 

44 

60 

114 

61 

lie 

68 

166 

86 

eg 

115 



162 

180 

64 

62 

115 

'63 

116 

01 

100 

36 

65 

163 

72 

200 

102 

283 

50 

64 

128 

72 

144 

172 

342 

01 

146 

leo 

191 

210 

224 

246 

81 

87 

107 

03 

116 

108 

133 

22 

27 

123 

20 

132 

30 

177 

30 

45 

115 

65 

141 

69 

177 

80 

103 

lie 

117 

132 

128 

177 

100 

106 

100 

111 

111 

119 

no 

61 

75 

123 

84 

138 

97 

169 

SO 

108 

121 

130 

163 

168 

178 

120 

153 

lie 

103 

128 

182 

141 

24 

28 

117 

38 

168 

03 

203 

44 

47 

107 

60 

114 

64 

123 

60 

61 

102 

60 

118 

76 

160 

48 

58 

121 

06 

137 

86 

179 

61 

88 

144 

oe 

158 

127 

208 

44 

40 

111 

65 

125 

108 

246 

66 

06 

160 

114 

207 

130 

237 

IS 

22 

122 

24 

133 

32 

178 

40 

60 

123 

66 

133 


42 

60 

143 

84 

200 

loe 

263 

45 

61 

113 

eo 

133 

60 

133 

61 

67 

112 

00 

120 

76 

147 

72 

79 

no 

87 

121 

108 

150 

120 

261 

217 

327 

271 

363 

302 

76 

07 

120 

103 

137 

276 

368 

70 

147 

186 

leg 

214 

187 

237 

37 

42 

114 

60 

160 

80 

100 

36 

30 

108 

47 

130 

eo 

167 

38 

54 

142 

07 

176 

00 

182 

42 

63 

120 

06 

166 

00 

214 

61 

60 

118 

04 

125 

71 

139 

66 

76 

114 

70 

106 

163 

232 

67 

128 

191 

164 

230 

176 

263 

67 

70 

123 

82 

144 

170 

208 

66 

88 

133 

08 

148 

no 

180 

81 

88 

100 

98 

121 

106 

131 

68 

83 

122 

04 

138 

121 

178 

63 

74 

118 

82 

130 

06 

150 

40 

53 

132 

04 

160 

78 

196 

62 

73 

140 

82 

168 

06 

183 

66 

81 

123 

112 

170 

213 

319 

63 

80 

130 

86 

136 

132 

211 

26 

34 

131 

41 

158 

02 

182 

168 

108 

118 

182 

108 

270 

161 

103 

131 

127 

140 

ise 

171 

lee 

38 

ee 

182 

77 

203 

03 

245 

74 

120 

102 

140 

ISO 

176 

237 

35 

52 

140 

00 

172 

66 

180 

72 

148 

205 

loe 

272 

212 

206 

00 

101 

112 

103 

114 

133 

148 

67 

97 

170 

120 

210 

137 

240 

36 

43 

123 

68 

166 

76 

214 

63 

70 

111 

74 

118 

87 

138 

61 

86 

130 

107 

175 

127 

208 

102 

110 

117 

140 

140 

262 

247 

88 

06 

108 

08 

111 

108 

123 

38 

49 

120 

63 

130 

72 

180 

61 

68 

111 

79 

120 

112 

184 

20 

42 

146 

44 

162 


30 

35 

117 

40 

133 

45 

160 

130 

172 

124 

100 

137 

232 

167 

71 

'85 

116 


103 

130 
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quantities are allowed to run to prevent freezing of pipes and fixtures, 
this excess usually finding its way into the sewers In Table 61 have 
been compiled records of maximum water consumption for 67 Massa¬ 
chusetts cities and towns (1910) taken from report of Committee on 
Water Consumption Statistics and Records.^ The average water 
consumption in the cities and towns included in this compilation was 
63 gal. per capita per day. The average maximum monthly consump¬ 
tion, the maximum weekly consumption, and the maximum daily 
consumption were 128, 147, and 198 per cent of the average daily con- 


130 

125 

120 

115 

.S' 110 
5 

O 105 

I 100 
0 

o 95 
I. 90 

I 

o 80 
o 

75 
70 ^ 
65 
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Fig. 61. —Hourly water consumption for average day in Holyoke in November 

1905 

Estimated population supplied, 51,000 


sumption for the year, respectively There were, however, instances in 
which the maximum rates greatly exceeded these averages For 
example, in Manchester and Mansfield, Mass., thO maximum daily 
consumption was 302 and 368 per cent of the average for the year, 
respectively. These high rates of flow, however, almost always occur 
at times when the usual proportion of the flow does not reach the sewers, 
as in the driest portion of the summer, or in winter when water from 
other sources may be at a minimum. 

In addition to the fluctuations in flow already discussed, there is an 
important variation from hour to hour each day, as illustrated by Figs. 
61 and 62 taken from the same report. It will be seen from Fig 62 

^Jow New Eng Water Works Assoc., 1013, 17, 20. 
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that the mfi Yim i jm peak flow during the week occurred on Monday, 
when the draft was about 136 per cent of the average for the day, and 
the mimninTin peak draft was on Sunday when it was 146 per cent of 
the average for the day, these rates being 139 per cent and 132 per cent, 
respectively, of the average rate of draft for the week. 

The hourly fluctuation in rate of water consumption has a decided 
effect upon the rate of sewage flow, as discussed later in this chapter. 
It is not, however, entirely responsible for the fluctuation in the rate of 
flow of sewage, for in some places large quantities of ground water are 
pumped by industrial establishments and discharged into the sewers 
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Fia. 62.—Fluotuations in water oonmimption in Holyoke during week ending 
November 17, 1006. 


during the workiiig hours of the day, thus tending to increase the peak 
flow beyond the amount resultmg from the normal fluctuation in the 
draft on the mumcipal water supply. 

AUowmg for water drawn from private supplies, the peak rate of 
consumption during the day of maximum use may be taken at 150 
per cent of the average draft upon the municipal supply for that day. 
This rate, however, will vary in different places. 

If this peak rate is apphed to the maximum draft for a single day, 
taken as 198 per cent of the average annual consumption, and it is 
assumed that the portion of the pubhc water supply which finds its way 
into the sewers averages 50 gal per day, we have a maximum rate of 
contribution from the public and private water supplies of about 160 
gal. per capita daily (60 X 1.98 X 1.60 = 148.5). This will serve to 





QUANTITY OF SEWAGE 


199 


illustrate the theory of the yield of sewage based on water consump¬ 
tion, the figures for each case to be selected as local conditions may 
warrant. 

Rate of Consumption in Different Parts of a City.—The consumption 
of water, and consequently the volume reachmg the sewer, vanes greatly 
in different districts of a city. The total volume of water delivered is 
made up of the reqmrements for public, domestic, and mdustrial uses 
and an amount which is usually termed “waste," although “unac¬ 
counted-for water” might be a better term. Water used for mdustrial 
purposes was found in 1904 in the Massachusetts Metropolitan Water 
Distnct to vary in different communities from almost nothmg to 24 9 
gal per capita of population. James H. Fuertes estimated the volume 
used for manufacturing to range from 0 4 gal. per capita in the resi¬ 
dential town of WeUesley, to 81 gal. in Harrisburg, as given in Table 52, 
from his report to the Merchants’ Association of New York on the waste 
of water in that city. It must be remembered that these figures are 
based on the total population of the city and that if all the manufactur¬ 
ing is concentrated m one portion, the per capita consumption figured on 
the basis of the population of that district would be much higher. The 
quantity used for manufacturmg depends entirely on the number, 
character, and magnitude of tlie industries and, whenever possible, an 
actual canvass and estimate of quantities shquld be made. 


Table 62—Subdivision of Consumption into Various Uses 
Gallons per day per capita 

James H. Fuertes, “Report on Waste of Water m New York,” 1906 


Flaoe 


CoDBumcra’ uso 

1 I 

I I a 


a •! 
1 I 




A 

Q 

0 

Eh 

9 

Ph 

o 

% 

o 

Eh 

3 a 


Brockton 

1004 

5 1 

15 5 

20 0 

3 0 

13 3 

30 0 

30 

01 

Boston 

1S02 

30 0 

30 0 

OO 0 

3 0 

32 0 

05 0 

34 


Cleveland 

1004 

40.0 

20 0 

00 0 

10 0 

20 0 

00 0 

21 

40 

Poll River. 

1002 



23 4 

S 3 

S 7 

40 5 

21 

05 

Hartford . 

1004 

3 0 

30 0 

33 0 

5 0 

24 0 

02 0 

30 

00 

Harrisburg 

. . 1004 

81.0 

30 0 

111 0 

5 0 

30.0 

140 0 

21 

76 ± 

Lawrence 

1004 

S 0 

17 0 

25 0 

5 0 

12 0 

42 0 

20 

87 

Milwaukee 

.. . 1004 

45 0 

25 0 

70 0 

5 0 

14 0 

SO 0 

le 

70 

Madison 

1004 



21 0 

13 0 

37 0 

71 0 

52 

ee 

Byracuse 

. 1004 

30 3 

31 0 

70 3 

18.0 

20 0 

108 3 

10 

72 

Taunton 

1004 

14 7 

21 5 

30 2 

3 0 

24.8 

04.0 

30 

45 

Wellesley 

1004 

0 4 

28 0 

20 0 

2 5 

23.5 

55 0 

43 

100 

Yonkers. 

1004 

24 0 

20.0 

51.5> 

2 0 

40.5 

04 0 

43 

100 


1 Total includes 7 5 sal per capita per day poeeed through meters at special rate 
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The volume used for domestic purposes vanes with the class of 
residence, first-class residences with many fixtures using more per 
capita than the less elaborate houses, as shown in Table 53. 


Tablb 63.— Water Consumption per Capita in Houses op Dippebent 
Classes, 1910 or 1911 

Journal of the New England Water Woiks Aasoeiahon (1913) 

Apartment Firat-olasa Middlo-oloBa Lowost-olasB 

bouses dwellings dwellings dwellings 








a 



8 



a 

city 

i 

1 

A 

s? 

i 

I 

A 

& 

S 

3 

0 

3 

0 

0, 

i 

i 

Pi 

o 

Q 

4 

0 

3 



-3 


g 



*0 

a 

*0 


.4 

■8 

Pi 

■6 

8 

p-jt 

«4-l 

0 

A 

*S 


M 

■8 

A 

«4-f 

0 

§..-1 


o 

0 

■a 1 

0 

0 

I 

0 

0 




Is 

C3 " 


15 

iz; 

o'’ 

% 

iz; 

oS 

iz; 

15 

o s 

iz; 


Baltimore, Md 







20 

120 

64 

26 

84 

10 

Boston, Maas 

60 

2,104 

37 

40 

400 

00 

60 

760 

33 

I 50 

760 

16 

Boston, Maas^ 










150 

7,000 

24 

Cambridge, Mass ' 

60 

1,242 

37 

60 

260 

37 

50 

300 

11 

60 

260 

17 

Canandaigua, N Y 

60 

243 

02 

60 

200 

68 

50 

180 

42 

60 

140 

10 

Denison, Tex 




60 

163 

15 

200 

700 

12 

600 

3,000 

4 

Fall River, Mass 




00 

328 

03 

00 

467 

20 

00 

1,304 

17 

Hartford, Conn 

19 

600 

66 

114 

060 

67 

135 1,180 

27 

08 

1,842 

24 

Hartford, Conn 

76 

1,247 

24 

148 

749 

43 





Holyoke, Mass 

20 

2,216 

40 

16 

02 

60 

20 

113 

43 




Holyoke, Mass 

47 

2,118 

09 “ (apartments with stores) 





Pawtucket, R I 







482 4,005 

20 

700 

7,188 

12 

Pawtucket, R I 










444 

4,534 

12 

Peons, Ill 

6 

160 

84 

6 

30 

74 

20 

so 

32 

6 

16 

11 

Peons, Ill 

6 

200 

03 

13 

104 

47 

25 

126 

28 

8 

40 

0 

Plymouth, Mobs 




23 

04 

47 

16 

07 

33 

2 

4 

14 

W oatungton, D C 

101 

3,470 135 

84 

600 

76 

100 

400 

30 

100 

500 

37 

Wilmmgton, DeL 

26 

600 

73 

26 

180 

73 

26 

126 

44 

Worcester, Maaa 

50 

1,876 

00 

60 

277 

42 

60 

386 

00 

60 

1,170 

12 

Totals 

407 16,080 


727 4,116 

. 1,302 0, 

188 

. 2 

.268 28.0lfl 


Averages 



02 



54 



34 



15 


dwellings, lower figures arc those for tenement blocks containing from 16 to 

30 families each. 


In some of the largest cities where considerable districts are devoted 
almost entirely to business and the number of persons in the district 
during the day, but resident elsewhere, is large, per capita figures of 
consumption must be studied with care before any conclusions are drawn 
from them. The figures in Table 54 lUustrate this clearly. The subject 
was mvestigated by the Metropohtan Sewerage Commission of New 
York wMch reported in 1910 that the actual resident population of the 
Borough of Manhattan was mcreased about one-third daily by the 
influx of persons engaged m business pursuits there but residing else- 
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Table 64.— Consumption of Water in Sections op Manhaotan 
W W Brush, Proc Am. Water Works Assoc., 1912 

Consump- Consump- 

Charactenstics of district 

Gagings of 1902-1903 

Large hotels, high-class resi¬ 

tion, million 
gal. per 
day 

Resident 

population 

tion per 
capita, gal. 
per day 

dences ... 

1 87 

8,396 

223 

East Side tenements 

1 44 

38,906 

37 

East Side tenements 

Residence and high-class apart¬ 

6 40 

90,000 

60 

ments . 

Business, office buildings, water¬ 

0 76 

10,164 

76 

front, shippmg 

9 46 

11,000 

860 

High-class apartments and hotels 
Uptown residences and medium- 

1 37 

8,872 

164 

class apartments 

Upper East Side tenements, 
water-front, powerhouses, and 

4 89 

4,380 

112 

breweries 

Qagxnqs 1911 

East Side tenements, some 

2 75 

39,969 

* 69 

water-front 

11 44 

230,600 

60 

All classes. . 

High-class apartments and resi¬ 

29 48 

204,567 

144 

dences . 

High-class apartments, r e s i - 

22 18 

186,990 

118 

dencea and tenements 

East Side tenements and water¬ 

12 74 

138,800 

92 

front 

High-class apartments, r e s i - 
dences, tenements and water¬ 

8.28 

84,680 

98 

front 

14 82 

173,000 

86 

All classes. ... 

13.38 

169,100 

79 

All classes 

13 66 

209,393 

66 


where. The various transportation companies bringing passengers into 
the borough furmshed information to the Commission indicating that 
413,500 residents of Long Island, 203,800 of New Jersey, 17,200 of 
Staten Island and 42,900 from north of the Bronx came to Manhattan 
daily for business purposes. A somewhat earlier investigation was made 
by Nicholas S. Hill, Jr., while Chief Eng. of the Denartment of Water 
Supply, Gas and Electricity of Manhattan; the results are summarized 
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in Table 55.i The trend toward larger office and mercantile buildings 
and factories, greater concentration of such buildmgs, and migration 
of the population into suburban areas has doubtless greatly accentuated 
the effects of transient population upon water consumption and cor¬ 
responding sewage flow. 

This influx of nonresidents, which is the cause of greatly increased 
flow in the sewers serving such districts, doubtless has a corresponding, 

Table 66.—Resident and Total Populations of Certain Districts 
IN Manhattan, 1903 (Hill) 


Increase of 



Resident 

Total 

total over 


Distnct 

popula¬ 

tion 

popula¬ 

tion 

resident 
population, 
per cent 

Character of distnct 

1 

8,396 

12,166 

45 

Residential and high-class 
hotel 

2 

38,906 

38,906 

0 

Tenement houses 

3 

^90,000 

90,000 

0 

East Side tenements 

5 

32,200 

32,450 

1 

Moderate-pneod apartments 

6 

10,164 

10,164 

0 

Apartment houses; private 
houses 

7 

3,076 

6,076 

98 

Gas works, largo shops; rail¬ 
road yards 

8 

11,000 

114,000 

937 

Office buildings 

0 

8,872 

8,872 

0 

Apartment houses; pnvate 
houses 


though smaller, effect in the opposite direction upon the flow in sewers 
serving the districts in which these persona reside. As their residences 
are widely scattered, however, it is probable that in no place will the 
reduction in flow be sufficient to warrant any aUowanco for it in design, 
although it is very important to provide for the increased flow in the 
sewers serving the business districts into which they go. 

Ratio of Sewage Flow to Water Consumption.—The North Metro- 
pohtan sewerage system of Boston furnishes valuable mformation 
regarding the relations between the quantity of sewage reaching a large 
mtercepter, and the population, area, water consumption, and rainfall of 
the distnct served. The average relations by years between the quan¬ 
tity of sewage and the water consumption are given in Table 56. In 
this table, the last column shows the relation of the volume of sewage to 
the estimated water consumption in the area served by the sewers. 

1 Eng News, 1903, 49, 336 
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The relations of the maximum to the average monthly sewage flow and 
to the average monthly water consumption are shown in Fig. 63. The 
circles representmg rates of flow on days of maximum flow must not be 
misinterpreted, for the sewer is protected by storm outlets, which permit 
the discharge of much of the flow, unmeasured, at such times ^ The 
relations between the sewage flow and the water consumption for the 
dry period of each year from 1904 to 1912 are given in Table 57. The 
dry months were selected in the driest season of the year and after a 

Wafltr Osnsumphon Incheceteel by Shacket Fbrtion 
Circles Ibr each Month Indicate Rerteaf Sewage Flow ' 

• on Day ofManmum Flow 



Fig 63 —Flow of sewago and water oonsumption m North Metropolitan Sewer 
District, Boston, 1004-1012 i 


320 
300 
280 
260 
1240 

S.220 

5 


month of dry weather, in a few cases they show a rather lugh rainfall, 
but it was concentrated m a few days so as to leave the month a dry one 
as a whole It will be noticed that there are no figures for 1911; none 
of the monthly records m that year is representative of dry weather 
conditions In fact the 1908 and 1909 figures are probably high on 
account of some rain-water in the sewage, the rainfall figures in the 
table making this appear probable 

1 ThoBO avoraee annual figures ore open to the ondoiam that they inolude some storm 
water, for some of the local sewers dlaohnrgmg Into the intorooptors are on the combined 
system Nevertheless, the figures are fairly representative of the sewage flow as influonoed 
by infiltration As shown later, it Is estimated that during dry weather, if no storm water 
enters the sewers, the sewage flow will be about 90 per oent of the water oonsumptlon. 
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Pablh 66 —Relation of Annual Average Quantity op Sewage to 
Water Consumption 'North Metropolitan Sewer District, 
Boston, Mass 


Based on total population of 
district 


Based on population 
connected with sewor 
system 


Precipi- 


Year 

tatlon in 
inches at 

Average 

Average 

water 

Ratio of 
sewage 

Average 


Chestnut 

HiU 

sewage 
flow, gal¬ 
lons per 
capita 
per day 

consump¬ 
tion, gal¬ 
lons per 
capita 
per day 

flow to 
water 
consump¬ 
tion, 
per cent 

sowago 
flow, gal¬ 
lons per 
capita 
per day 

1904 

43 40 

122 

100 

121 

166 

1906 

40 84 

114 

102 

111 

139 

1906 

47 16 

118 

100 

119 

150 

1907 

51 83 

128 

106 

121 

162 

1908 

43 31 

117 

105 

111 

138 

1909 

47 62 

116 

96 

122 

134 

1910 

39 05 

110 

92 

119 

127 

1911 

41 28 

97 

87 

112 

110 

1912 

39 96 

100 

87 

116 

113 

1913 

43 29 

99 

79 

126 

111 

1914 

38 99 

101 

79 

127 

112 

1915 

44 92 

100 

72 

140 

111 

; 1916 

41 91 

109 

76 

146 

121 

1917 

43 62 

105 

77 

137 

117 

1918 

39 81 

107 

87 

123 

120 

1919 

48 16 

112 

79 

143 

126 

1920 

60 56 

117 

82 

143 

129 

1921 

46 44 

107 

77 

139 

117 

1922 

49 10 

111 

79 

141 

121 

1923 

41 46 

114 

87 

136 

124 

1924 

38 81 

110 

82 

134 

no 

1926 

46 00 

112 

83 

136 

121 

1926 

39 82 

112 

83 

136 

121 

Average 

43 71 

110 

86 

129 

124 


Ratio of 
sowago 
flow to 
water 
consump¬ 
tion, 
per cent 


166 

137 

160 

143 

131 

141 

137 
127 
130 

141 

142 
164 
161 
162 

138 
168 
167 

152 

153 
148 
146 
146 
146 

146 


^ The^ average ratio of dry-weather sewage to water consumption is 
given in Table 67 as 94 per cent This would probably be reduced by 
3 or 4 per cent if it were possible to exclude storm water entirely from the 
sewage flow. This adjustment was estimated from a graphical study, by 
the authors, of detailed record sheets of the Metropolitan sewerage works 
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for seven typical months during 1904 to 1909 inclusive. From a study 
of the diagrams of sewage flow during each month, it seems probable 
that the true ratio of sewage flow to water consumption is about 90 per 
cent, if the entire amount of storm water is excluded. If this estimate is 
in error, it is probably too high, as the quantity of ground water assumed 
in rounding off the flgures is only about 1,200 gal per mile of sewer, this 
being in extremely dry weather This ratio, it must be kept in mind, is 
a purely local one and can hardly be expected to agree with other condi¬ 
tions than those on which it is based. Unfortunately, very little infor- 


Tabld 67— Ratio op Sbwagb Flow to Watbk Consumption during 
Dht Wbathhh. North Metropolitan Sewer District, Boston, 

Mass 




Ramfall (inches) 

Average 

Average 

Ratio of 



at Chestnut Hill 

sewage 

water con¬ 

sewage 

Year 

Month 

For 

month 

For 

flow, gal¬ 
lons per 

sumption, 

gallons 

flow to 
water con¬ 



month 

capita 

per capita 

sumption, 



previous 

per day 

per dayi 

per cent 

1904 

August 

2 74 

1 48 

94 

98 

96 

1905 

August 

3 47 

1 92 

94 

98 

96 

1906 

September 

2 92 

1 82 

96 

102 

94 

1907 

August 

1 79 

1 49 

89 

110 

81 

1908 

October 

4 34 

1 22 

93 

96 

97 

1909 

August 

4 11 

1 10 

99 

98 

101 

1910 

August 

1 18 

1 93 

87 

94 

92 

1910 

September 

2 66 

1 18 

86 

89 

97 

1912 

September 

1 72 

2 24 

80 

83 

96 

1912 

October 

1 61 

1.72 

77 

81 

96 

Average. 

2 66 

1 61 

89 

96 

94 


1 Based on total population of distnot 


mation of this nature is available, and engineers having opportunities 
to keep such records should not neglect to do so. 

The ratio of 90 per cent does not mean literally that 90 per cent of the 
water supply is dehvered to the*sewer, but rather that the dry-weather 
flow of sewage bears that relation to the supply. * 

Ratio of Sewage Flow to Area.—For use in the design of sewers, it is 
generally more convement to utilize estimates of sewage flows in gallons 
per day per acre than in any other form. The direct estimation of flow 
in this form is not advisable, however, because the effects of character of 
development, of population density and the like are not so apparent 
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and there is greater danger ef inappropriate figures being used without 
detection of their unsuitability. 

By estimating the possible density of population likely to be experi¬ 
enced in various areas and the sewage flow per capita, figures of sewage 
flows per acre for areas of various sizes are readily computed, in 
form for use in sewer design. The method of doing this is illustrated 
in Chap. VI 

Table 63 on page 215 contains figures of the actual measured flow of 
sewage m dry weather for various districts of Chicago, both in totals and 
in quantities per acre and per square mile. 

ADDITIONS TO THE SEWAGE 

Private Water Supplies.—Some sewage reaches the sewers from those 
hotels, public baths, and other bmldings where the pubhc water supply is 
supplemented with water from wells. In addition, where industnal 
wastes originating from the use of water derived from private sources 
are common, the volume of water obtained from private supplies and 
discharged after use into the sewers can usually be learned from the 
parties using such supphes, or from inspection of their plants, although it 
is sometimes necessary to gage the water used or the sewage discharged 
in order to obtain trustworthy figures. 

Ground Water.—The term "ground water” is employed in sewerage 
practice to mean not only all water in the pores of the materials through 
which sewers are laid, but also the surface water leaking into sewers 
through perforated^ manhole covers and defective manhole masonry 
Where the sewers are on the combmed plan, ground water also includes 
the dry-weather flow of any small brooks connected with the ejnstem 
From half to three-fourths of the rainfall usually runs off very quickly 
into the storm-water drains or combined sewers, or directly into streams, 
and the remainder percolates into the ground, becoming ground water. 
The presence of ground water in the earth about the sewers results in 
leakage mto them. 

The sewers first built in a district usually follow, in a general way, the 
natural water courses, and therefore Ue in the bottoms of the vdleys. 
Such sewers, especially in case of combined systems, often are built 
very close to, or actually in, the natural beds of brooks. They are not 
usually extended to the extreme upper end of the district at first, and 
consequently the natural runoff through these brooks is taken into the 
sewers. Such brooks frequently flow with gradually diminishing volume 
for many days after the immediate runoff from a storm has passed by, 
and perhaps even throughout the dry season. The flow during the 
re mai nder of the time until the next storm is made up of the water drain¬ 
ing out of the land and is therefore logically classed with ground water 
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and, as its flow is continuous though gradually diminishing, it has the 
same effect upon the quantity of sewage. As a result of these conditions, 
such sewers receive comparatively large quantities of ground water, 
while it is but natural to expect that sewers built m these districts in 
later years, necessarily at higher elevations, wiU receive smaller quanti¬ 
ties of leakage and brook flow. Moreover, as the paved and built-over 
area increases, the water falhng upon the surface runs off more rapidly 
through the water courses, drams, or combined sewers, and leaves less to 
percolate gradually through the ground and thus to And its way into the 
sewers by mfiltration or leakage. 

Many measurements have been made to determine the quantity of 
ground water which flnds its way into sewers. The results of these 
observations indicate that the maximum quantity of inflltration may be 
as low, under the most favorable conditions, as 5,000 or 10,000 gal per 
day per mile of sewer. On the other hand, they show that the leakage 
sometimes amounts to from 20,000 to 40,000 gal. per day per mile of 
sewer and at times of very high ground water, or during rain when there 
IS leakage through manhole covers, even in separate systems, it may run 
as high as 100,000 gal. per day per mile of sewer. In fact, there are 
instances where leakage has materially exceeded this quantity. 

As a rule, there has been a growing tendency toward securing as 
nearly watertight construction as possible, and it may be true that the 
older systems receive greater quantities of ground water than some of 
the better-constructed modern systems. 

Leakage.—The amount of ground water which finds its way into the 
sewers is called “leakage.” It is a very variable part of the flow in the 
sewers, depending on the quality of the materials and workmanship 
employed in the original construction, on the degree of care in mamte- 
nance and in preventmg damage to the sewers by drain layers or plumb¬ 
ers when making buildmg connections, and on the height of the 
ground-water table. 

In the case of the North Metropolitan (Boston) interceptor, already 
mentioned several times in nius chapter, it is possible to form a fairly 
close estimate of the amount of this leakage, for if 90 per cent of the 
average monthly water consumption is equivalent to the sewage flow at 
the same tune, by subtracting this quantity from the measured sewage 
flow, the remainder will be the mfiltration into the sewers. As this 
leakage will be greatest in very wet weather, the figures for the wettest 
period of each year have to be studied, and the results of such a study 
in this case are given in Table 68. 

The amount of leakage is stated in different ways by different engi¬ 
neers, as so much per unit length of pipe, per capita, or per acre. It 
depends, of course, on the length of pipe, and to a certain extent on the 
population, which affects the number of connections and the lengths 
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of the sewers and the consequent opportunity for leaks In Table 76 
are shown the allowances made for leakage in the designs for various 
cities and in Tables 69, 60, and 61 the actual measurements of leakage 
at certain places. 

A paper on the “Infiltration of Ground Water into Sewers" by John 
W. Brooks^ enumerates the factors influencing infiltration, as follows* 
(1) the diameter and length of the sewer; (2) the matenal of which the 
sewer is constructed, and (a) in vitrified pipe sewers, the type of joint 
used, (6) in concrete or bnck sewers the type and quantity of water¬ 
proofing used; (3) the skill and care used in laying the sewer; (4) the char- 


Tablb 68.—Lbakaqk in North Metropolitan Skwhr Dibtriot, Boston, 
IN April and Mat 


Average 


Maximum 


Minimum 


Gallons per capita per day 
Gallons per acre per day 
Gallons per mile of sewer per day 


62 2 
1,738 
60,600 


03 8 
2,677 
78,900 


38 7 
1,094 
30,000 


acter of the materials traversed by the sewer; (5) the relative positions of 
the sewer and the ground-water level. After discussing the various units 
such as gallons per day per capita or per mile of pipe, he suggests the 
foUowmg units for vitrified pipe, gallons per day per foot of joint, for 
concrete and brick sewers, gallons per day per square yard of interior 
surface. 

In the discussion of the paper, John H. Gregory suggested as a unit 
the number of gallons per day per inch of diameter per mile of sewer. 
S. L. Christian stated that observations practically checked previous 
assumptions as to the quantity of ground water to be provided for at 
New Orleans, where all of the sewers are below the ground-water level. 
He stated that the leakage in gaUons per day per mile of sewers was as 
follows 1907, 66,000; 1908, 63,000, 1909, 61,000; 1910, 61,000; 1911, 
48,000; 1912, 42,000. E. G. Bradbury questioned the value of a unit 
based on the diameter of the eewer,^ae but very few sewers are sufficiently 
watertight to prevent the lowermg of the ground water in the vicinity 
to the level of the pipe He was of the opinion that most sewers permit 
the entrance of ground water about as fast as it gets to them. 

Thomas McKenzie* reports that at Westerly, R. I, the average leak¬ 
age of ground water was 30,000 gal. per day per mile of sewer, or 600 
gala, per acre per day. 

‘ Trana An Son C E , 1918 j 76 , 1909 

^Jaw Boston 8oc. C. E, 1926, 12 , 140 
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Table 69 —^Leakage 

OF Ground Water into 

Sewers 

Place 

Gal per day per 

Extent of sewers 

mile of sewers 

considered 

Alliance, Ohio 

196,000 


Altoona, Pa 

41,000 

1 2 miles 

Altoona, Pa 

86,000 

0 6 mile 

Altoona, Pa . . 

264,000 

0 96 mile 

Brockton, Mass 

46,000 

2,000 ft 

Brockton, Mass 

61,0001 

10,400 ft. 

Brockton, Mass 

Canton, Ohio . 

178,000* 

10,400 ft. 

26,000 

11 miles 

Chnton, Mass 

32,600 


Concord, Mass 

30,000 

whole system 

East Orange, N. J 

22,000* 

29 miles 

East Orange, N J 

9,000 

26 miles 

Framingham, Mass 

36,000 

whole system 

Gardner, Mass . 

. . 46,000 

whole system 

Joint Trunk Sewer 

26,000* 

150 miles 

Madison, Wis 

48,000 


Malden, Mass 

60,000 

whole system* 

Marlboro, Mass 

. . 50,000 

whole system 

Medfield, Mass. 

Metropohtan System, Mass 

25,000* 

whole system 

40,000® 

137 miles 

Natick, Mass. . . . 

80,000 
to 100,000 

8.68 miles 

New Orleans, La .... 

32,000 
to 60,000 


North Brookfield, Mass 

24,000 

1.41 miles 

Peoria, HI . . 

Reading, Pa ... 

100,000 


6,000 


Westboro, Mass 

Woreoster, Mass 

1,072,000 

3,010 ft. 

32,000 



1 Water In nver low > Water In river high. ■ Great preoautiona taken to prevent 
leakage, oa oonatructlon was oarriod on in qulokeand and the ground-water table was 
naturally 10 ft or more above the sewer ‘ This relates to the sower serving ports of Newark 
and Elizabeth, N. J., and smaller places westward to Summit ' Before house oonneotlons 
were made, * Before any oonneotions wore made ^ 38 out of 46 miles total 

The Malden figures are from Eng, Nevot,'^ the Concord figures from the 1900 report of 
the Sewer Oommlsalonors and the remainder from reports of the Maas Board of Health 
and Trans, Am Soo, C E ^ 

^ Eng News, 1003, 60, 180 

» Trans, Am, 8oo C E , 1018; 76, 1909 et seq. 
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F. W. Haley^ states that at Framingham, Maas., the leakage into 
3.06 miles of pipe sewers before connections were made amounted 
to 600 gal. per day per mile; or, assuming all the leakage to occur in 2,000 
ft. of 10- and 18-in. sewer which was below the elevation of the river, 
4,000 gal per day per mile. In another section of 4.75 miles, none of 
which was below ground water, there was no leakage. 

Carl H Nordell,^ describing weir gagmgs of sewage flow at Milwaukee, 
stated that the average flow in residential districts was equivalent to 
64 gal per day per person; and as the meter records showed a water 
consumption of 31 gal per day per person, which he assumed to equal 
the domestic sewage, the remaimng 33 gal. per day per person was 
considered as ground-water leakage. 

In general, the authors have found that water finds its way into sewers 
through defective joints in pipes or brick structures, through concrete 
which is porous, and through cracks due to contraction or other causes. 

Table 61 — Actual Flow op Domestic and Industrial Sewage and 
Ground Water at Toledo, Ohio, 1917 


Sewer district 

27 

26 16 

22 

Totals and 

means 

Population, total . 

2,634 

3,902 17,087 

17,838 

41,461 

Connected to sowers 

1,880 

3,673 16,842 

16,308 

38,712 

Area, acres 

280 

288 1,083 

502 

2,163 

Length of sewers, miles . 
Domestic sewage ® 

Gallons per day per capita 

6 73 

6 96 17 82 

11 70 

42 21 

of total population . . . 
of population connected to 

20 

19 34 

10 

21 

sewers . 

Industrial sewage® 

28 

20 34 

11 

23 

Gallons per day per acre . 
Ground water * 

4,900 

4,000 20,000 127,000 

14,000 

Gallons per day per acre 
Gallons per day per mile of 

567 

736 1,100 

246 

783 

sewer ... 

23,400 35,600 67,000 

10,000 

40,000 


Data aro from weir meaBurementB of flow of Bowera diaoharging into Ten Mile Oreok oa 
reported by Wataon G Harmon ■ Mooaurementa mode during dry weather. 

These imperfections are sUfl&ciently numerous and large to allow the 
infiltration of water to such an extent that the water table at the sewer 

> Jow Boalon 800 C E , 1926, 11 , 268 

* Bno News-Record, 1917, 66, 78. 

■ Water Bupply metered to uaera 

* Minimum mght flow lesa slmultaneoua induatrial sewage. 

' Eng. News-Rso 1918; 80, 1288 
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rarely lies above its crown and usually is found near the invert, although 
its elevation varies greatly with the quantity of rain and snow water 
percolating into the ground. This is usually greatest in the northern 
part of the country in the spring of the year, when the frost coming out 
of the ground leaves it porous so that the water from slowly meltmg 
snow and ice and from gentle long-contmued rams may readily percolate 
through the upper strata which later in the year form a hard compact 
crust more nearly impervious. 

It is often held that sewers which at first are porous or have small 
cracks and poorly filled jomts will gradually “silt up;” that is, the pores 
will become filled with particles of fine clay and sand and the leak¬ 
age will thus be reduced. Trenches also become compacted, and if in 
clay, a nearly watertight layer may be formed around the sewers, thus 
cuttmg off the water so that it will not follow along the pipes and enter 
through unperfect jomts. These observations are all more or less well 
founded, but it is also a fact which largely and sometimes more than off¬ 
sets the foregomg causes of reduced leakage, that many times the pipes 
crack after being laid and that connections made from time to time are 
BO poorly constructed that they are the source of considerable leakage. 
Abandoned connections are rarely sealed at the sewers and may admit 
much water. Manholes are “heaved” by the frost so that water may 
enter between the courses. The net result of these changing conditions 
appears to be the presence of a gradually increasing quantity of ground 
water m the sewers. 

As the water does not usually percolate or leak into sewers entirely 
around their perimeters, but rather enters near the water line, it seems 
hardly logical to report leakage m terms of area of masonry surface, of 
length of pipe jomts, or even of radius or diameter. It is doubtful even 
if the number of pipe joints per mile throws much light on the subject, 
although the chances of poor joints in the main sewer are proportional 
to the number of jomts. This, however, takes no account of the leakage 
through house connections. 

Data are most easily obtained in terms of quantity of leakage per 
mile of sewer, and the most leakage may enter the smallest sewers. 
Havmg the data in this unit, it may for convenience be calculated m 
quantity per capita and quantity per acre, the latter being probably the 
most convenient form for use in planning mtercepters and trunk sewers 
and m studies for pumping stations and treatment works. For detailed 
computations of small lateral sewers, the quantity per capita is perhaps 
most readily used. 

The authors beheve that an effort should be made to secure data in 
at least these three terms, gallons per mile of sewers, gallons per capita of 
population residing within the district served, and gallons per acre of 
this district. 
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ACTUAL MEASURED FLOW OF SEWAGE 


Statistics of Sewage Measurements.—Table 61 above contains figures 
of the flow of sewage in a portion of the city of Toledo, Ohio The gag- 
ings were made to obtain data upon which to base the design of an inter¬ 
cepting sewer. The bases finally assumed were* 

Ground water, 1,200 gal. per day per acre. 

Industrial sewage, 14,000 gal per day per acre. 


Domestic sewage 



14 N 
4 + v''P, 


40 gal. per day per capita, where 


P = population in thousands 

In Table 62 are given statistics of the sewage flows of a number of 
Massachusetts cities and towns. These communities all have sewerage 
systems on the separate plan and the flows consequently are unaffected 
by storm water except as it mcreases the leakage and the amounts of 
roof and surface water improperly discharged into the sewers It 
should be noted further that they are mostly flows from small com¬ 
munities without large quantities of trade wastes, and that the volumes 
per capita are much smaller than those to be expected in large cities. 


Table 62 —Maximum and Average Flows op Sewage, 1903 
Massachusetts State Board of Health 


Pluoo 


Avorago yearly quantity of 
sewage 


Average quantity of sewage 
la mux month 


Popu¬ 

la¬ 

tion 


Qallons per 24 hours 


Per 

in¬ 

habi¬ 

tant 


Per 

per¬ 

son 

oon- 

nooted 


Per 

con¬ 

nec¬ 

tion 


Per 
mile of 
sewer 


Gallons per 24 hours 


Per 

in¬ 

hab¬ 

itant 


- Per 
per¬ 
son 
oon- 
neoted 


Per 

con¬ 

nec¬ 

tion 


Per 
mile of 
sewer 


Andover 

7,214 

17 

36 

200 

11,600 





Brockton 

44,202 

20 

36 

612 

20,030 

31 

66 

700 

41,900 

Clinton 

. . 14,909 

62 

78 

628 

40,000 

78 

117 

787 

BO,940 

Concord 

6,038 

63 

260 

1,311 

41,430 

77 

370 

1,912 

60,420 

Framingham 

12,87B 

63 

87 

637 

41,400 

78 

120 

706 

B1.400 

Gardner . . 


, , 

80 

1,000 

87.760 , 


161 

2,032 

70,376 

Gardner .. . 

. 11,702 

47 








Tomploton 



66 

714 

33,780 





Hopedalo 

_ 2,613 

00 

76 

760 

87,600 





Lelbester .. . 

. .. 3,622 

0 

60 

420 

14,020 





Marlborough 

... 12,788 

80 

110 

601 

46,460 

150 

203 

1,274 

83,800 

Natick . 

. 0,802 

67 

142 

803 

52,400 

118 

280 

1,766 

103,610 

Pittsfield .. 

22,610 

66 

07 

707 

46,930 

60 

104 

864 

40,240 

South bridge 

. 11,000 

33 

160 

1,108 

61,400 





Spenoer 

7,636 

40 

126 

625 

87,600 





Stookbndge 

2,083 

3B 

04 

700 

21,430 





Westborough 

. 6,490 

61 

94 

1,007 

38,000 

104 

190 

2,030 

78,760 
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Hours of Day. 

Fio. 64.—Hoiuly variations in flow of sewage at various places. 

Woroeater, Mass.—Eatinuited population, 160,000, averago dry-weathor flow, 16,300,000 
gaL per day, labours period of Bow from city 

Toronto, Ont—Dry-weather flow, 73 ^ per capita por day, gagings mado m olty, 
October, November and December, from Heport of City En^;, 1008 

Columbus, Ohio —Discharge of intercepting sewer from weir moasuromonts at the outfall, 
Deo. 2 to 0, 1004, average week-day flow during extromoly dry weathor •• S,40(h000 gal.; 
estimated population m 1006, 160,000, from Johnson’s Report on Funflontion of Columbus 
Sewage 

Ci^ A (name must be omitted for local reasons! —From city to outlet In about 3 hours 
period of flow, population, 16,000, typical average dry-weather flow m July and August, 
1908, 300,000 gm per day 

Birmingham, Eng—Oaglngs at treatment works; mapufaoturing wastes about ono-flfth 
of dry-weather flow, two years, 1006-7 

Oloverevdle, N Y —Mill wastes about 26 2 per cent of total flow, population, 20,000; 
average flow 2,000,000 gal daily, gagings at experiment station, with naif-hour period of 
flow tcom dty; Oot. 30, 1006. 
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Quite a different result is to be noted in certain sewer districts of 
Chicago, as indicated in Table 63. The sewers are on the combined plan, 
but the measurements were made during dry weather when the sewage 
presumably contained no storm water. The excessive flow in these 
sewers is to be accounted for largely by the great consumption of water 
in the city, which in 1910 averaged 242 gal. per day per capita of the 
population. 

Fluctuations in Flow.—The flow of sewage fluctuates between wide 
limits and follows somewhat the variations of the consumption of water. 
The day flow is also increased by the greater discharge of industrial 
wastes at that time. During the spring or wet months, the flow is 
increased by the added volume of ground water contributed, some of 


Table 63.—TtpicaIj Sewebed Abeas and Dkt-wbatheb Rttnoffs, 
Chicago, 1010 and 1911 

Data from Wisner’s Report on Sewage Disposal, Sanitary District of 

Chicago, 1911 


Sewer outfalls 


Dry weather runofTe 


^ S' 

D, 

0) 

U 

s s 

o 



1 1 



Populat 

1911 

MilLon 

day 

Gallons 

acre 

§ i 


is 


*3 o. 


Period oovered 
by observation 


Diversay Boule¬ 

800 

23,660 

6 

60 

6 

,300 

4 

02 

238 

26 4 

vard (W). 











Randolph St (W) 

240 

11,368 

3 

06 

16 

,400 

10 

6 

318 

47 4 

Robey St (S). 

2,600 

38,728 

6 

6 

2, 

,600 

1 

67 

160 

16.6 

Ashland Ave, (S) 

980 

44,681 

16, 

,0' 

16, 

,300 

g 

8 

338 

46 6 

Center Ave , (B) 

660 

23,463 

13. 

6> 

20, 

,600 

13 

1 

678 

36 6 

Thirty-ninth St 

14,840: 

286,000 

00 

6* 

6, 

300 

4 

04 

318 

20 0 

pumping station 



64 

6‘ 

4, 

600 

2 

88 

227 


Ninoty-sooond St. 

98 

3,666 

1. 

10 

12, 

200 

7 

8 

326 

37.4 

Wentworth Ave, 

6,300 

30,464 

8 

0 

1. 

600 

0 

07' 

264 

6 8 


(S), (Calumot) 


Aug 16 to 17, 1911 
2 days 
Aug , 3 days 
June 1 to 8, 1911, 2 
days 

May 18 to 20, 1911, 
2 days 

May 16 to IS, 1911, 
2 days 


209 days 
^ Aug 1, 1910 
^ Mar 31, 1910 
Aug 1, 1910 
- July 31, 1911 
, 268 days 


^ Doily variation avorago* 

8 A. u to 8 F u 18 4 niilb oD gallons daily, contains large amount of industrial waste. 
8 F u to 8 A. M. 12 0 million gallons dally 
^ Doily variation average: 

Sa u to8F. m 16 0 million gallons daily, oontains largo amount of industrial waste. 
8f u toSA u 11 0 milbon gallons daily 
Tbis runoff or more for 76 days in 1909, 

^ Tbis runoff or more for 276 days in 1909. 

‘1.6 million gallons dolly per square mUe ooourred 329 days in the yeax. 
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which is present at all times in most sewerage systems. In Fig. 64 are 
plotted the flows of sewage in terms of percentage of the average, from a 
number of cities. An attempt has been made to synchronize the curves 
by mnlfing allowance for the time required for the sewage to flow from 



Hours of Day 

Fig. 06 —Hourly vanation in flow of sewage in various oities. 

The reoorda used in prepaniig this diaRmm were from the following aourocs, Birmingham, 
En^and, average of twoyenra, 1006-7, Eaat Orange, N J , Maroh 10-17, 1010; Glovoravillc, 
N y , Oot 80,1906, and Sept 12,1007, City oi lonoo population, typloal average curve, 
Milwaukee, Wis , Oot 24-28, 1010, Toronto, Onfc , 1900 and 1008, WorooBter, Mobb , Nov 
13, 1009, and Maroh 21-27, 1910. 


the city to the gaging point. The curves on the lower part of the figure 
are tsrpical of dry-weather conditions when ground water is at a mini¬ 
mum, while the curves on the upper portion of the figure are typical of 
conditions when ground water is relatively high. 

Two curves are shown m Fig 65, taken from the report of the Sewage 
Disposal Commission of Milwaukee, 1910. The dotted line represents 
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the flow from a large residential sewerage district in Milwaukee. The 
smooth curve is drawn through points obtained by averaging points 
taken from several curves representing the flow from the cities named 
m the note accompanying the illustration. In this case the curves were 
S3mchronized and an effort made to produce a curve typical of the 
fluctuations in flow of the sewage from the larger cities. 

S. M. Gotten^ found that the curve of distribution of sewage flow at 
Phoenix, Ariz , was very similar to the average curve on Fig. 66. He 
also found that the maximum rate of flow from a purely residential 
district, including the greater part of the city, occurred on Sunday 
instead of Monday as is usual m northern cities. The amount of sewage 



50 

l^‘23456789|0ll^l 2345-678 9 10 IM7» 
Hours of Day 

Fiq 66—Hourly variation in flow of sewage in MasaaohuBottB Metropolitan 

Dietncta 

from this district was almost exactly equal to the quantity of water 
consumed in the district (not the average water consumption of the 
entire city), and was equivalent to 98 gal. per day per capita. The 
maximum rate of flow from a retail business and office district, including 
hotels, was equivalent to 171 gal. per day per capita of the population 
residing or doing busmess therein 

Sewage flow gagings at Austin, Tex., made in 1916 by Juhan Mont¬ 
gomery,® also showed a daily fluctuation m flow similar in general to that 
shown by the average curve on Fig. 66, but the fluctuation was wider 

' Eng Neu>a-Rec. 1922, 89, 837 
^Bng News, 1917, 77, 57. 
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(from a minimum of 55 to a maximum of 155 per cent) and there was a 
Bubpeak in the afternoon following a depression at noon. 

Obviously the fluctuations will be greater in single hnes of sewers, or 
in small districts, than m trunk and intercepting sewers serving large 
areas. The fact that the sewage requires a longer time to flow from 
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IQ0,O00> 
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HouPS of Day. 

Fig. 68. —Hourly fluotuatioiis in rate of flow of sewage oontaining different 
proportions of ground water. * 


certain districts than from others assists in producing a more nearly 
uniform flow in the interceptmg sewers, as is evident from Fig. 66. 

The flow on different days of the week varies considerably. In 
general, on Sunday the quantity is smaller, and on Monday larger, than 
on other days. On Monday the rate of the maximum flow is usually 
somewhat higher than on other days. The typical curve of sewage flow 
for one week m a city of about 15,000 population is given in Fig. 67. 
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This city will be termed City A in this discussion, as the authors are not 
permitted to give its name. 

The rate of infiltration of ground water varies greatly from season to 
season, but does not usually fluctuate materially from hour to hour As 
the proportion of ground water increases, the fluctuations in the total 
quantity of sewage flowing from hour to hour naturally decrease. This 
is illustrated by Fig 68, showing typical curves of hourly flow of sewage 
at City A, with flows ranging from 360,000 to 1,180,000 gal. per day, the 
excess of the larger flows being due wholly to ground water. From 
similar data the curve given in Fig. 69 has been prepared, illustrating 



a method by which it is possible to calculate the average rate of flow on 
any day whemthe flow at a given hour in the day is known. While this 
curve IS not apphcable to other cities, it illustrates a convenient method 
of obtainmg fairly rehable records of the average quantity of sewage, by 
smgle daily observations. It is not as satisfactory as the use of a reoord- 
mg gage and should not be employed where the latter is available. 

Variations in Quantity of Sewage from Districts of Different Types.— 
The quantity of sewage to be expected from a district depends upon its 
character A residential district will produce sewage made up of house¬ 
hold wastes and ground-water leakage, the former being governed by 
the quantity of water consumed, which will vary from 10 or less gallons 
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per day per capita in the lowest class dwellings to 76 gal. in first class 
dwellings or to 136 gal. in apartment houses, as shown by Table 63, page 
200. A mercantile or commercial district will yield a much greater 
quantity on account of the great office buildings where water is used for 
many purposes, such as the operation of lavatories, motors, and eleva¬ 
tors. The flow from such districts will consist of the used water from the 
municipal supply, the ground-water infiltration, and in many places the 
used water pumped from wells, which often amounts to a large quantity. 
Manufacturing or industrial districts may contribute large quantities 
of liquid wastes. Some of this water is derived from the mumcipal 
supply, but frequently very large quantities are taken from wells, rivers, 
lakes, or even from salt water. The sewage from such districts is, 
therefore, made up of the used municipal supply from residences and 
industrial establishments, of the used pnvate supplies of the manufac¬ 
tories, and of ground water. On the other hand, areas made up of parks 
and cemeteries often contribute only ground water. 

Classification of Areas.— A. rational classification of areas in a city is 
a matter for careful study, due consideration bemg given to such natural 
conditions as topography and proximity to rivers, lakes, or tidewater, 
and to such artificial conditions as raflroad and street-car lines, docks, 
and canals. The residential districts usually occupy the uplands and 
sections topographically unsmted to industrial works. The commercial 
or mercantile districts occupy the more level areas in the “center” of 
the commumty, usually convenient to railroad terminals and docks, 
and oontam public and office buildings, retail and wholesale stores, 
depots and freight houses, hotels, theaters, and generally some apart¬ 
ment houses. The commercial area is usually relatively small, and 
while provision should be made for future growth, care must be exercised 
to prevent estimating too large an area, for the unit quantities of sewage 
are large. Industrial areas are generally located on fairly level ground 
along the railroad lines, where spur tracks and sidings may be had 
Works using large quantities of water are likely to be located along rivers 
or near docks where cheap water supplies may be had. These areas 
also are relatively small. 

Philadelphia Sewer Gagings.—Gagings of the dry-weather sewage 
flow from Philadelphia districts of different types of development were 
described in the annual report for 1912 by W. L. Stevenson Some of 
the data procured are given in Table 64. 

Residential Districts.—In computing the probable quantity of sewage 
from residential districts, it is first necessary to estimate the population 
likely to reside in them and decide upon the number of persons per acre 
for which provision should be made. In doing this, it is not safe to 
assume the ^ same density as that estimated for the entire city, wluch 
rarely runs over 26 persons per acre, according to Table 45 The 



222 


AMERICAN SEWERAGE PRACTICE 


density in a particular district may run much higher; for example, one 
ward m Boston had a density of 190 in 1910 (Table 46, p. 188), and there 
are in most large cities small sewer districts in which the density of popu¬ 
lation greatly exceeds 26 per acre. The flow from the district is readily 
calculated from the area, density of population, allowances for maximum 
rate of used water supply, and maximum rate of ground water. 

In Cincinnati in 1912 the flow in a number of sewers serving residen¬ 
tial, mercantile and industrial districts was gaged under the general 


Table 64.—Summary or Data Obtained from Gaqinqs or Dry Weathbr 
Sewage Flow, Made in 1910, Philadelphia, Pa. 


Name of area Charaoter 


Tbomaa Bun 

Beddentlal, mostly pairs 
of two and three-story 
houses 

Fme St 

Besidentiol, mostly sohd 
four to six-story houses. 

ShiiTilr Street 

Besidentiol, mostly rows 
of two and three-story 
houses 

Lombard St 

Residential, tenements, 
and hotels 

York St 

Residential and manufac¬ 
turing 

Market Street 

Commercial 


*■ Thia area la praetdoolly entirely built up 
area None of the other areas is dmilor to 
area in each ease, 


Average die- 

Area In acres ohnrgo per 

ooneufi 1010 24 hours, 

gollona 


Total 

Settled 

1010 

Per Per 
Total settled settled 
aero aero 

Per 

oapita 

S20 

240 

16,012 02 6 

14,200 

227 

420 

337 

21,077 04 0 

0,860 

163 

1,004 

027 

36,330 68 0 

0,850 

170 

100 

166 

16,162 97.0 

20,300 

271 

20S 

208 

25,764 123 0 

10,600 

86 

331 

331 

37,016 114 0 

10,600 

03 

147 

146 

10,303 113.0 

34,760 

308 

368 

364 

33,340 04 0 

30,000 

383 

68 

30 

The popu¬ 
lation oon- 
tributlng 
sewage IB 
not shown 

00,260 


123 

80» 

by the oen- 
Bus figures 

02,800 



Tlio settled area is "total" minus street 
and the "eettlod arou" includes the street 


direction of the authors by the Sewer Division of the Department of 
Pubhc Service of that city, H. M. Waite, Chief Engineer. The gagings 
were made by E. J. Mmer, assistant engineer, under the immediate 
direction of H. S. Morse, sewerage engineer. 

Two districts consisting largely, but not exclusively, of residential 
property, were studied, the results being given m Table 06. Conven¬ 
tion^ curves, three of which are shown in Fig 70, were plotted as repre- 
sentmg typical flows, the resulting figures for aU the distnets being.given 



QUANTITY OF SEWAGE 


223 



Hourly Variation in Flow of Sewage. 

Curve A Ross (Bloody) Run Sewer 


h 150 

[ 

I 

I g’ 

, § 100 

75 


50. 


y 


Cammerc/al Distritt. 


It 2 . 4 6 B 
• -A.M.- 


10 



12 2 4 6 5 

.— >p-PM.' 

Hours of the Day 

Curve B Vine Street Sewer. 


8BS0—1II9OO 

1“ I 

7490 g,-93250^ 
t 2 

5990j---74600jJ 

^ Sa 

4490 g-55950 g 
2993 '?'- 37300 '® 



Curve C.Marshall Ave.Sewer 

Fig. 70.—Hourly variationB in flow of aewage, Cmoinnati. 
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Table 66—Average Flow op Sewage from Residential Districts, 
Cincinnati, Ohio, 1912 

Senrage flow from actual 







gagings 


No of 



Area 

In 

Population 


1 



gagings 


Sever diatnot 



Qals per aoro 
per day 

Gals per cap¬ 
ita per day 

oovar- 
mg 24- 

Dates of 
gagings 


acres 


Den¬ 


1 



hour 

day 




Total 

sity 

Avg 

Max ^ 

Avg 

Max ‘ 


Robb Ruq 

I.ei7|l7,912 

11 1 

1,028 

2,820 

93 

254 

2 

Doc 3, 4 

Mltohall Ave 

1,060 14,781 

9 0 

087 

1,440 

77 

100 

5 

Nov 19, 










20, 21, 22, 
23 

Totalfl and av- 

3,207 32,093 


857 

2,130 

85 

207 



eragee 











1 Maninum during gaging period 


in Table 66 In spite of the fact that these are large districts, it will be 
seen that the maximum rate of flow must be expected to reach from 160 
to 170 per cent of the average for 24 hours, and m the Ross Run district 
the maximum gaged flow was equivalent to 254 gal per capita per day 

Mercantile Districts.—^The allowance for used water from a mercan¬ 
tile district IS more difficult to estunate than that from a residential 
district. If the estimate is to be made in connection with the design of 
intercepters, pumping stations, or treatment worlcs, in winch cases the 
district sewers have usually been built, it is highly desirable to gage the 
flow in the sewers and then allow for such increase due to future develop¬ 
ment as may appear to be warranted It may also be possible to make 
a water supply census, being careful to ascertain the quantities of any 
pnvate supplies. 

Some assistance may be derived from data of the Cincinnati gagings. 
The commercial district of Cmcmnati is located on the plateau at the 
top of the right bank of Ohio River, and is traversed by parallel streets 
running north and south in winch the main sewers wore built many 
years ago. Each sewer served a relatively small area and discharged 
duectly into the Ohio River. Vine Street is most highly developed, and 
perhaps, may be said to be the center of business activities. The district 
gradually becomes less and less highly developed toward the oast and 
west, gradmg mto residential districts thickly built up with apart¬ 
ment houses, as reflected by-the density of population shown by Table 
68 . 

The sewers in this distnct are generally above the water table and 
infiltration in matenal quantities may be expected only at seasons when 
ground water is unusually high. Measurements of depth of flow at the 
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Table 66.—Rath of Shwagb Flow foe Each Hour of the Day, in 
Percentages of the Average Rate, Cincinnati, Ohio 


Residential 

districts 


Commercml distncta 


Indiifltnal 

district 


Time 

a 

Ph 

o 

-a „ 

a 

o 

B 

OQ 

OQ 

-V3 

CQ 

•4-3 

03 

+= 

OQ 

•P 

03 


1 . 



S 

Mitc’ 

Ave 

03 . 

U +3 

>.CZ3 

OQ 

1 


a 

> 

03 

C3 



Cent 

Ave 

Mars 

Ave 

1 

A. M 

63 

76 

33 

71 

66 

60 

42 

38 

77 

72 

69 

2 


58 

73 

31 

71 

62 

67 

41 

36 

77 

72 

60 

3 


53 

71 

33 

71 

60 

67 

41 

34 

77 

71 

61 

4 


51 

70 

36 

71 

60 

58 

41 

34 

80 

71 

63 

6 


62 

72 

40 

71 

66 

60 

41 

38 

84 

72 

66 

6 


64 

80 

63 

76 

66 

66 

48 

49 

89 

76 

81 

7 


112 

105' 

74 

96 

92 

86 

67 

97 

100 

93 

106 

8 


162 

153 

126 

139 

144 

128 

146 

151 

118 

113 

129 

g 


171 

162 

171 

147 

166 

141 

174 

170 

130 

126 

134 

10 


167 

156 

190 

147 

168 

148 

175 

177 

134 

136 

138 

11 


167 

138 

191 

140 

164 

160 

174 

180 

137 

139 

140 

12 

M. 

148 

123 

190 

136 

150 

162 

173 

178 

137 

139 

141 

1 

P M 

130 

114 

186 

128 

144 

162 

171 

174 

132 

137 

141 

2 


128 

108 

180 

120 

136 

161 

169 

166 

126 

136 

141 

3 


118 

106 

172 

116 

128 

147 

168 

163 

118 

131 

136 

4 


109 

101 

159 

109 

123 

136 

166 

140 

107 

128 

126 

6 


102 

98 

136 

102 

113 

118 

156 

124 

100 

122 

116 

6 


94 

96 

107 

98 

105 

99 

89 

106 

96 

108 

105 

7 


88 

92 

72 

91 

97 

89 

71 

90 

86 

89 

94 

8 


82 

89 

66 

88 

91 

81 

62 

76 

84 

80 

86 

g 


79 

86 

48 

85 

82 

74 

53 

62 

80 

72 

80 

10 


74 

84 

42 

81 

75 

68 

47 

62 

77 

72 

73 

11 


70 

80 

39 

76 

66 

63 

42 

46 

77 

72 

68 

12 

P M, 

66 

77 

36 

72 

61 

60 

42 

40 

77 

72 

63 


These figures have been computed from the average or conventional 
curves for the several sewer districts Sunday flow has not'been included 
in preparing these conventional curves 


point of observation were made at frequent intervals throughout the 24 
hr. and extended over one or two days in each cose. The average and 
maximum rates of flow per acre and per capita per day are given in 
Table 67. 

The rates of flow vary greatly from hour to hour, due to the way in 
which the water is used The districts are so small that these fluctua¬ 
tions are not smoothed out as they would be in large districts or in an 
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intercepting sewer. From the gagings conventional curves were plotted 
as representing what might be termed typical rates of flow, the resulting 
fluctuations bemg given in Table 66. The curve for Vine Street is shown 
as Curve B, Fig. 70 

Table 67 —Average Flow op Sewage from Commercial Districts, 
Cincinnati, Ohio, 1912 



Area 

Sewer dletnot 

in 


aorea 

Sycamore St 

27 8 

Mam St 

18 5 

Walnut Bt 

29 2 

Vme Bt 

23 e 

Race Bt 

37 7 

Elm St 

32 6 

Plum St 

29 6 

Central Ave 

28 4 

Totals or aver¬ 


ages 

227 2 


Sewage flow from aotual 

gaglngfl No of 

Population gagings 

Gals per acre Gals per oap- cover- Dates of 

per day ita per day mg 24- gagings 

, hour 



Den¬ 

Aver¬ 

Maxi¬ 

Aver¬ 

Maxi- 

day 




sity 

age 

mum' 

age 

1 mum' 




1,702 

ei 2 

26,800 

70,300 

421 

1,246 

1 

Got 

30, 31 

487 

20 3 

37,760 

88,100 

1,436 

3,360 

2 

Oct 

29, 30 

380 

13 0 

60,000 

136,000 

4,010 

10,300 

1 

Nov 

2 

294 

12 5 

72,000 

139,000 

6,780 

11,100 

1 

Nov 

6 

ess 

17 4 

48,260 

89,400 

2.777 

6,160 

2 

Nov 

16. 16 

1,220 

37 7 

40,800 

81,260 

1,080 

2 160 

2 

Nov 

8, 0 

1,231 

41 7 

14,700 

36,300 

362 

846 

1 

Nov 

12 

1,679 

66 e 

22,060 

38,400 

390 

090 

2 

Nov 

12, 13 

7,664 

33 2 

40,169 

86,344 

2,100 

4,309 





^ Maximum during gaging period 


Industrial Districts.—The amount of industrial wastes not originating 
in the pubho water supply is subject to wide variations in different cities 
and is a matter for mdividual study in any particular case The amount 
of such wastes may be large in some cities, and may even exceed the 
volume of house sewage. The amounts of these wastes have been 
investigated or estimated in a number of cities and the results of a few 
of such studies are given m Table 68. 


Table 68.—^Estimates op Industrial Wastes Entering Sewers 


City 

Gal per capita 

Date of 

per day 

estimate 

Milwaukee, Wis . ... 

67 

1911 

Fitchburg, Mass 

81 (max.) 

1911 

Passaic Valley Sewer. 

38 (max ) 

1908 

Louisville, Ky. 

67 

1906 

Paterson, N. J. 

18 (max) 

1906 

Providence, R. I. 

42 (max.) 


Mass. Neponset Valley intercepter.. 

26 (max.) 

1895 

Cincinnati, Ohio 

60 

1912 
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In Table 69 the results of gaging one industrial district are given. 
This district contained both residential and industrial areas but is typical 
of many sewer districts m industrial centers These gaginga extended 
over 3 days and the maximum rate of flow found was over 13,000 gal 
per acre, equivalent to over 700 gal per capita. The hourly fluctuations 
to be expected in this district, taken from a smooth curve based on the 
gagings, are given in Table 66 and the curve is shown as Curve C in 
Fig. 70. 


Table 69.—Avbeaqb Flow of Sbwagb from an Industrial District, 
CiNoiNNATi, Ohio, 1912 


Sewer dlatnot 


Marahall Avo 


Area 

In 


Population 


Sewage flow from actual 
gagunga 

Gals per aero I Gals per cap¬ 
per day I Ita per day 


No of 
gaginga 
oover- 
mg 24- 



Total 

Don- 

Hity 

Avg 

1 Max > 1 

Avg 1 

Max ■ 

hour 

day 

294 

5,011 

19 1 

0,787 

13,485 

350 

708 

3 


Dates of 
gagmge 


Nov 20, 
27, 80 


> Maximum during gaging period 


TOTAL QUANTITY OF SEWAGE 

Having given consideration to the population, area, and average and 
maximum rates of flow to be expected m residential, mercantile, mdus- 
trial, and park districts, it is next necessary to combine the different 
elements to arrive at an estimate of quantity of sewage for which prcn 
vision should be made for the entire commumty, or the portion of it 
which may be served by a trunk or interceptmg sewer. It will simplify 
the explanation of the method of estimating and serve to summarize the 
whole discussion, if an illustration from actual practice is given. For 
this purpose the studies made in Cmcinnati, Ohio, in 1913, already 
alluded to, may be taken. Under the conditions, three main intercepter 
districts were decided upon and designated as the Duck Creek, Ohio 
River, and Mill Creek districts from the names of the water courses along 
which the interceptors are to be constructed. 

Having first studied the local conditions and estimated the probable 
growth of the city as a whole, both in population and area, during the 
assumed “economic period of design,” consideration was given to the 
distribution of population and area among the several sewer districts. 
The respective areas, as dictated by topography, were mdicated upon 
maps and measured with the planimeter. A large map was then pre¬ 
pared upon which were mdicated the outlines of the residential, mercan¬ 
tile and industrial areas and parks, railroad yards and cemeteries. The 
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TabIiB 71. —Est imat ed Quamtitt of Cincinnati Sewage to Be Phovided fob at Maxeuom ILatb of Flow as of 1950 

Ohio Rivee District 

Part of table to jUustrate form and method 
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portions of each coming within each sewer distnet were measured and 
tabulated as in Table 70, together with the estimated future population. 
Consideration was next given to the quantity of sewage for which 
provision should be made, the units of maximum rate of flow in inter¬ 
ceptors adopted after a study of local conditions and all data available 
being given in Table 72. 

Table 72— Unit Quantities op Tlow in Intbrcbpters Assumed pou 
Cincinnati, Ohio 

Eesidential areas. 


Sewage . . . 

136 gal per capita per day 

Ground water . . 

760 gal per acre per day 

Mercantile areas. 


Sewage (resident population) . 

136 gal per capita per day 

Additional allowance for character 

of 

development 

40,000 gal. per acre per day 

Ground water . . .. . 

760 gal per acre per day 

Industrial areas 


Sewage (resident population) . 

136 gal per capita per day 

Industnal wastes . . - . 

9,000 gal. per acre per day 

Ground water 

760 gal. per acre per day 

Parks, railroad yards, and cemeteries: 


Ground water 

760 gal per acre per day 


The results obtained by the computations are illustrated by Table 71 
and are summarized for the whole city in Table 73 
A few comments may serve to explain some of the reasons for the units 
adopted The rates in all cases are the highest anticipated at times 
when it will be necessary to intercept the sewage or ultimately to treat 
it. They also are influenced by the smoothing-out effect of the differ¬ 
ences in time of entrance of sewage from lateral sewers into trunk sewers 
and from trunk sewers into intercepters. The ground-water allowance 
is very low, because of the enormous area and sparse population antici¬ 
pated, and because of the topography, which assures that a large por¬ 
tion of the sewerage system will be above the water table during the 
drier portions of the year. These conditions appeared to warrant the 
adoption of a ground-water factor much lower than the authors have 
dared to use in a number of other cities. 

The proportions of the several classifications of flow in the several 
distncts and for the entue city are given in Table 74. From these data 
it will be seen that there are great differences in the allowances for the 
several intercepters, more than twice as great a flow per acre being 
provided for in the Ohio River mtercepter as in either of the others. 

Provision for Stonn Water.—There is a general impression that it is 
wise, in interceptiug sewers, to provide for a small quantity of storm 
water, expressed often as bemg sufficient for the “first flushings” of street 
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surfaces and sewers. This impression is based upon the assumption 
that there are accumulations of sewage sludge m the sewers and quan¬ 
tities of filth on the streets which will immediately be flushed into the 
mtercepting sewers with the first runoff due to rain In some sewers 
laid on very flat grades, or where sewers have settled or have been built 
with depressions in them, there may be such deposits, but where sewers 
are laid on grades which give satisfactory velocities, such deposits are 
beheved to be exceptional. Where deposits occur they are generally 
found to consist largely of sand and other heavy detritus which will be 
carried along only by relatively high velocities 

Table 74—Estimated Unit Quantities op Sewage to Be Provided 
POE AT A Maximum Rate op Flow in Three Main Drainage 
Districts, as of 1950, Cincinnati, Ohio 


Duck Creak 
interoepter 


Ohio River 
Interceptor 


Mill Creek 
mtorocpter 


Wliolo eily 


QaL 

per 

Bore 

per 

dayi 


ObI 

per 

cap¬ 

ita 

per 

day 


Pot 

cent 


Gal 

per 

aero 

por 

day* 


OaL 

per 

cap¬ 

ita 

per 

day 


Per 

cent 


Gal 

per 

acre 

per 

day* 


Qol 

per 

cap¬ 

ita 

per 

day 


Gal 


Per 

cent 


per 

aero 

per 

day* 


QoL 

per 

cap- Pot 
ita cent 
per 
day 


Sewage from reaident population 1,057 136 0 30 5 2,376 136 0 40 4 700 136 33 4 1,102 135 0 30 0 

Additional allowance, mercantile 

areae . 1,070 06 0 28 4 340 40 0 11 1 

Additional allowance induatrial 

areas , 873 111 2 32 6 1,000 02 0 18 6 830 142 36 0 800 103 3 38 2 

Ground water 750 06 8 28 0 750 42 0 12 7 750 128 31 0 760 87 1 23 8 


Totals 2,080 342 0 100 0 5,886 334 0 100 0 2,370 406 100 0 3,160 306 0 100 0 

* Total area of distncL 

Industrial sewage, based upon 0,000 gal pv acre of Industrial area, moroantilo scwago, upon 40,000 goL 
per aore of mercantile area, ground water, upon 760 gal por acre of total area, domestic sewogo, upon 136 gal 
per oapita. 

Interceptors are fed by trunk sewers serving rather large districts. 
Considerable time is required to flush the major part of the system to 
the mtercepter, dunng which a large flow is likely to reach it from the 
nearer portions Unless considerable surplus capacity is provided, the 
intercepter will often be running full before the flushings from much of 
the tributary area can reach it Therefore, too much stress should not 
be laid on abihty to care for the “fii’st flushings,” although, as ordinarily 
designed, they can accomphsh something in this direction. 

Assuming that the average daily flow of sewage is 100 gal. per capita 
and that the capacity of the intercepter is 300 gal. per capita, there will 
be a surplus capacity available for “first flushings” equivalent to twice 
the average flow of sewage, if such flushings come at a time when the 
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flow is at the average rate. Except during storms, the maximum 
of flow generally occur m the spring when ground water is high, ai 
other times there will always be some surplus capacity. Furtheri 
as intercepters are built for anticipated future requirements, there 
be a considerable excess capacity during the earher years, although 
should not usually be counted upon to care for storm water, for it 
gradually diminishing allowance accompanied by a gradually incref 
need, if need there should be. 

Under the foregoing conditions the sewage will be diluted to t 
times its normal flow. Furthermore, consideration must be give 
the excess of water used in this country and to the quantity of grc 
water which leaks into the sewers. With these eliminated, the quar 
of sewage would be comparable with that obtained in Europe Ta 
aU these conditions into account, it is evident that the dilu 
approaches the standard of the Royal Commission on the Dispost 
Sewage, which is six times the dry-weather flow. 

In view of these conditions, it was not deemed wise to provide capa 
in the Cincinnati interceptei-s for storm water in excess of that w 
can be carried when the flow of sewage is less than the maximum r 
assumed as aheady described, in other words, no special allowance 
storm water was made. 

Caution.—The foregoing outline of a rational method of estima 
the quantity of sewage to be provided for applies to the design of in 
cepters and large jjrunk sewers, and the umts adopted are for moxirr 
rates of flow when the sewers ore running fuU. 

Average Rates of Flow.—The average rates of flow upon which < 
mates of cost of pumping and treatment may be based are much be 
the maximum rates, and, from the data available, appear to range 
general way between 100 and 126 gal per capita per day for the la] 
cities. For small towns, average rates appeal* to range from about 2 
60 gal. per capita per day. 

Relation between Average and Maximum Rates of Sewage Flov 
Another somewhat empincal method of arriving at the rate of sew 
flow for which sewers ore to be designed is first to estimate the avei 
rate of flow, which may be approximated from the water consumpi 
and the allowance for ground water, and then to apply a factor for 
ratio between maximum and average rates of flow. This ratio will 
be a constant, but will vary with the magnitude of the flow, as wel 
with other conditions. 

Figure 71 is a cuiwe showing the relation between average rate 
sewage flow and rate to be used in design, which was prepared by 
Maryland State Department of Health, using actual measurementf 
flow in various cities ^ 

1 Jimr.f 1016, SB , S4S. 
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71 —Diagram for converting average aevrage flow to flow for design in 
sewera of separate system. {Maryland State Department of Health, January 
1914.) 


BASES OP DESIGN OF EXISTING INTERCEPTERS 

The allowances made by engineers in the design of a number of existing 
intercepting sewers are given in Table 76. Some of the older intercep- 
ters, designed on a basis of leas than 300 gal. per capita, now appear 
to be inadequate for the service they will ultimately be required to render 
and more recent designs are more liberal. 



CHAPTER VI 


SEPARATE SEWERS 

Definitions .—A separate sewer is a sewer intended to receive domestic 
sewage and industrial wastes without admixture of surface or storm 
water. 

A combing sewer is a sewer intended to receive domestic sewage, 
industrial wastes, and surface and storm water 

A drain is a conduit for carrying off storm water, surface water, and 
sub-soil or ground water (domestic sewage and industrial wastes bemg 
excluded). 

The separate system of sewerage contemplates the ultimate provision 
of two distinct systems of conduits, one of separate sewers, the other of 
drains. 

Reasons for Adopting the Separate System.—The construction of a 
B3^m of separate sewers without a system of storm drains, or with only 
a partial one, has become common practice in small commumties, and is 
somewhat prevalent in the larger cities. This has been due generally 
to economic necessity, either real or fancied. The small towns fre¬ 
quently consider it financially impossible to finance an adequate system 
of combined sewers, and it is often possible to allow storm water to flow 
in gutters and in natural water courses for many years after the necessity 
for separate sewers has become pressing. Even where combined sewers 
are not prohibitive in cost, it is generally easier to secure funds for the 
less expensive separate sewers. This often leads to the adoption of 
separate sewers without a thorough study and careful weighing of the 
comparative merits of the two systems. 

In Some cases, also, the discharge of sewage mingled with storm water, 
even during brief overflow periods of storms, is not permissible—a 
condition which may justify the adoption of separate sewers. 

Misuse of Separate Sewers.—^Annoyance and damage have resulted 
from the discharge of storm and ground water into separate sewers. 
This occurs through the connection with the sewers of roof^, street inlets, 
and foundation and cellar drains, and, in some cases, even small brooks. 
Sewers are sometimes so poorly built that they receive large quantities 
of ground water that should be cared for by natural channels or storm 
drains. Even where the pewers are most carefully built to exclude 
extraneous water the house connections are often so improperly made 
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that large quantities of ground water find access to the sewers, thus 
nullifying the effort and money expended in securing excellence of 
workmanship m their construction. 

The results of such abuses have been serious in many places. In 
others, however, the ill effects have not yet been so important, because 
the improper connection of roofs and inlets and the faulty workmanslup 
upon sewers and house connections go on gradually and considerable 
time may be required for their cumulative effect to become such as to 
cause damage and demand pubhc attention. The effect of such abuses is 
destmed to increase greatly as time goes on. In one case, a city lias been 
compelled approxunately to double the size of its sewage treatment plant, 
solely because of the admission of water to separate sewers. 

The sources of this water are many, including defective building con¬ 
nections, street inlets, perforated manhole lids (particularly within 
street-car tracks), and abandoned buildmg connections which were not 
sealed when buildings were burned or removed. One of the most 
important sources in the case cited above appears to have been wet 
cellars from which water was drained to the separate sewers through the 
cleanouts in cast-iron soil pipes laid below cellar floors. There are many 
buildings located on side hills in some of which there is ledge. During 
and after rams, large quantities of ground water enter the cellars, and 
the owners, or tenants, remove the caps from cleanouts and allow the 
water to dram out. In some cases, the cleanout caps have been left out 
contmuously 

Probably few systems of separate sewers have Jieen so designed that 
they can receive the roof water from more than about 1 per cent of the 
tributary houses without being surcharged at times of intense downpours 
after the districts they are to serve shall have been built up to the extent 
contemplated m the design If there are also other sources of admission 
of water, such as street inlets and perforated manhole lids, the proportion 
wiU be correspondmgly less. 

In some places, the sewers have been surcharged to such an extent 
that sewage has flowed back through house connections into the cellars, 
while in others it has escaped through manhole covers into the streets. 
Just how far such conditions can be tolerated, without justifying the 
statement that the separate system in any case is a failure, is a debat¬ 
able question. 


DESIGN OF SEPARATE SEWERS 

Basic Data.—The accumulation of the basic data for the design of 
separate sewers may be illustrated by on example, utilizing the data con¬ 
tained in a report to the Commissioners of Sewerage of LouisviUe, Ky., 
by J. B. F. Breed and Metcalf and Eddy, dated August 31, 1921. 
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The flow in separate sewers consists of the discharge of sewage from 
residences and other buildings, mdustnal wastes, ground water which 
finds its way into the sewers through porous or cracked pipe, defective 
joints, or porous masonry; storm water from roofs and gutter inlets 
which are accidentally or surreptitiously connected with the sewer; and 
leakage around hds or through perforated Lids of manholes in the 
streets. 

It is obviously impossible to predict with accuracy the densities of the 
population which will reside upon different portions of the tributary area 
a number of years hence It is, therefore, wise to allow some excess 
capacity to provide for unexpected densities winch may be found m 
restricted areas, in excess of the average over a large tributary area 
Such provision should also be adequate for other exceptional conditions, 
such as the establishment of a schoolhouse, a laundry, or a large apart¬ 
ment house Perhaps the most important exceptional condition for 
which provision must be made is the occasional connection of roofs of 
buildmga and gutter inlets. Such connections, of course, should be 
prohibited, but experience in Louisville and in many other cities has 
demonstrated that such connections are occasionally made through 


'Table 76 —Densities of Population in Beargrass IntSjrcepter 
District, 1920, Louisville, Ry 

Cumulative quantities 


Dramage distnct 


Population, 


Area, acres 

persons per 

acre 

Green Street. 

118 

58 3 

Broadway West 

589 

49 6 

Dry Run 

1,360 

39.1 

Phoenix Hill . 

1,396 

38 8 

Brent Street. . 

1,681 

37 2 

Underhill Street.. 

1,018 

36.8 

St. Catherine St. 1 

1,660 

36 3 

Dupuy Street, / ‘ 

Southeastern 

1,937 

33 0 

Snead’s Brook 

2,358 

'31.0 

Ellison Avenue . 

2,445 

30 6 

Webster Street . 

2,550 

29 9 

Cooper Street. 

2,607 

29 4 

Castlewood . 

2,842 

28.0 

Northeastern 

3,673 

24 0 

Middle Fork . 

4,625 

21 3 



240 


AMERICAN SEWERAGE PRACTICE 


accident or otherwise. On the other hand, the construction of all 
mnin and lateral sewers of adequate capacity for grossly abnormal 
development, such as that of an extensive industrial district in wlii<^li 
large quantities of hquid wastes are produced, would entail an expense 
which cannot be justified m the localities under consideration. In case 
of such grossly abnormal development the city must adopt radiciil 
measures, such as providmg relief sewers for the districts so developed. 

Study of the conditions surrounding those portions of the city whieli 
are likely to be provided with separate sewers leads to the conclusion that, 
they will be developed in such a manner that their average ultimate 
population will not exceed 26 persons per acre. 

The former allowance for fiow in separate sewers to be built in the 
Northeastern and Middle Fork Districts was 200 gal. per capita per day 
for an ultimate population of 25 persons per acre, to this being added 
an allowance for ground water infiltration of 1,960 gal. per acre per day. 
More recent experience with such sewers in other cities has led to a 
restudy of this subject with the results heremafter described. 

It is not to be expected that the districts in which it is proposed to 
instal the separate system will be as densely populated as the BeargrasH 
Interceptor District, which now has an average density of population of 
about 21’persona per acre, and 40 years hence will undoubtedly be much 
more densely populated. 

The curve of “Densities of Population in the Beargrass Intercepter 
District, 1920,” however, has been of assistance in making allowance 
for the exceptional conditions mentioned. With this as a guide, another 
curve has been prepared and used, not as an estimate of probable 
population, but merely as a means of arriving at a reasonable allowance 
for maximum rate of flow in separate sewers in the district under 
consideration. A few illustrations of density of population taken from 
this curve are given m Table 77. 

Table 77— Ajolowancbs for Density of Population in Dibtrioth 
Served by Separate Systems op Sewers 


it of distnct. 

Density of population, 

acres 

persons por acre 

10 

100 

100 

63 

260 

62 

600 

46 

1,000 

40 

2,600 

33 

6,000 

26 

10,000 

26 
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The allowance for maxiinum rate of flow in separate sewers has been 
based upon the following general data. 


Maximum possible density of population 
for areas of 10 acres or less 
Maximum possible density of population 
for areas between 10 and 1,000 acres 
Maximum possible density of population 
for areas of 1,000 acres or more 
Maximum rate of sewage discharge from 
buildings 

Maximum rate of ground-water infiltration 


100 persons per acre 

100-40 persons per acre 

40 persons per acre 

200 gal per capita per day^ 
1,960 gal per acre per day® 


From a combmation of these general data, the allowance for maximum 
rate of sewage flow may be obtamed, as shown by the curves in Fig. 72 
and the data in Table 78. 


Table 78. —Data Relating to Method of Estimating Maximum Rate 
OP Sewage Flowing in Sepabatb SEwnns, Louisville, Ky 


Area of 
dietnot, acres 

Maximum rate 
of sewage flow, 
gallons per aero 
per day 

Maximum oUow- 
ance for sewage 
flow provided 
populabon should 
equal flat rate of 
26 persons per 
aore^ gallons per 
capita per day 

Number of 
persons per 
acre for wnioh 
provision would 
be made on 
bosu of 300 
gollone per 
capita per day 

Number of roofs 
which could be 
connected with 
sewers without 
causing surcharge 
assuming a 
uniform density 
of population 
of 25 persons 
per acre, one in 

10 

21,900 

876 

73 

40 

25 

18,600 

740 

62 

42 

50 

10,600 

660 

66 

46 

100 

14,600 

686 

49 

45 

260 

12,600 

600 

42 

47 

600 

11,100 

446 

37 

64 

760 

10,400 

416 

36 

63 

1,000 

9,960 

400 

33 

69 

2,000 

9,960 

400 

33 

69 

6,000 

9,900 

400 

33 

48 

It will be 

seen that the i 

allowance for rate of maximum flow decreases 


with increase in arqa to 1,000 acres, beyond which the allowance is for a 
uniform rate per acre. In this way, provision is made for unusual devel¬ 
opment of small areas, limited industrial or mercantile development, or 
admission through error of a very small quantity of roof water. 

Where any of these demands, or all of them, will become effective, can¬ 
not be foretold. It is unlikely that they all will be made upon any one 

1 Note that this quantity might be serioualy in error for other places 

* Approximately SO,000 gal. per day per mile of aewere for completely sewered area. 
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lateral and certain that they will not all be made on all laterals. For 
this reason the allowance for surplus above the estimated average flow of 
house sewage and ground water is made to decrease to the point where an 
area 1,000 acres in extent is served. Beyond this point, the flow per acre 
IS arbitrarily assumed to be umform, and the surplus also is uniform 

One way of judging of the extent of the surplus allowed is by consider¬ 
ing the maxunum rate of discharge which could be carried away in case 
the population should be 25 persons per acre, a density which it is 
believed may be reached within the next 40 years. The allowance per 
capita upon this basis (column 3) is seen to vary from 876 gal per day for 
areas of lOacres or less, to 400 gal. per dayfor areas of 1,000 acres or more. 

Or it may be helpful to consider how many persons could be served if 
the maximum rate be assumed at 300 gal per day per capita, a rate 


22,500 

20^000 


SL 17,500 

u 

B 

O 

15,000 

1C 

*6 12,600 
■i 

I JO.OOO 

I 7,500^ 


'9960qal par~ 
oere dan 

100 200 300 400 500 600 700 800 900 1000 1100 
Area - Acres 


Fig. 72. Maxunum rate of flow in separate sewers, including ground water 
(JjOuiBville, Ky , 1921.) 


commonly used in estimating the size of intercepters in which no addi¬ 
tional provision is made for storm water From column 4 it will be seen 
that the number varies from 73 to 33 persons per acre. 

Agam, if there is no unusual development and the population ulti¬ 
mately becomes 25 persons per acre, the surplus will all be available for 
carrying such storm water as may aocidentaUy be admitted to the sewers 
In the case of the 10-acre plot, the roof water from about 2}^ per cent 
of the houses can be admitted without surcharge of the sewers. At 
houses per acre this is equivalent to the roof water from about two houses 
In the case of 1,000 acres about IH per cent of the houses can be accom¬ 
modated, which is equivalent to about 100 houses. The number of roofs 
froin which storm water can be received without surcharging the sewers 
IS estimated on the assumption that 80 per cent of the water falling upon 
the connected roofs will reach the sewers, that the rate of precipitation 
vary, approximately accordmg to the 15-year frequency precipita- 
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tion curve, ^ and that there will be a uniform velocity of 3 ft. per second 
m the sewers. 

It is obvious that provision is not made for the full amount of excess 
flow which might possibly arise from all of these causes, but that such 
surplus capacity as may be provided will be available for whatever excess^ 
flow there may be from one or aU of them up to the hunt fixed. In case 
the maximum rate of 200 gal per capita per day house sewage, or 1,960 
gal. per acre per day ground water, is not reached, the sewers will, of 
course, have a still greater surplus capacity than that expressly provided 
for in the method of computation described 

Wherever separate sewers are provided, it is absolutely necessary that 
roof and street water be rigidly excluded. If this pohcy is not strictly 
adhered to and such waters are discharged into the sewers, the system 
will certainly become overcharged and not only fail to function properly 
but will actually become a source of annoyance and damage, for which 
the city may be held liable. The allowance herein advised for roof 
water is provided solely for connections accidentally made Where any 
such connection comes to the knowledge of the city, it should forthwith 
be disconnected 

Maps and Profiles.—In the design of a system of separate sewers, a 
topographic map is desirable, on a scale of 100 or 200 ft. to the inch, 
showing contours, brooks, rivers, ponds, and streets. The contours 
should be sufficiently close to allow the designer to plot profiles of streets 
with reasonable accuracy, i.e., where the surface slope is 6 per cent or 
less the map should show contours at 2-ft intervals; where the surface 
slope is much greater than this, 6-ft. intervals wiU usually suffice 
Summits in streets should be marked and the elevations given to tenths 
of a foot, os should also points of depression or “pockets.” 

Profiles of all or most of the sewers should be drawn after the slopes 
of the sewers have been tentatively determined, with the particular 
object of ensuring that the sewers are everywhere at a suitable depth to 
serve the buildings and at the same time to note whether drops in the 
manholes may be advantageous at certain points, or whether the design 
can be improved in other particulars. A profile of the main or trunk 
line will generally be desirable m advance of the computations. 

Design of Sewers.—^After compiling the basic data and determining 
the mimmum allowable size of sewer and mimmum velocity of flow in 
the full sewer, the procedure of design is as follows: 

1. Draw hnes on the topographic map to represent the sewer in each 
street. 

2. Locate the manholes. 

3. Sketch the hmits of drainage areas for each lateral sewer. 

4. Measure the drainage areas. 

1 Diaoufised m detail in the next chapter, and illuetrated In Fig SO, p. 205 
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5 Plot a profile of the line which is to serve the lowest point or the 
controlling line as to elevation 

6. Prepare a table of computations 

Table 79 gives the computation for the design of the main sewer for a 
residential district which is to receive in addition the wastes from two 
small industrial districts 

In this computation, the basic data quoted above as derived for Louis¬ 
ville conditions are employed, and the assumptions are made that 

1 No sewer smaller than 8 in. in diameter will be used 

2. The nunimum velocity of flow in a full sewer is to be 2.5 ft. per 
second 

3. Computations of flow will be made by diagram based on Kutter’s 
formula (Figs. 21 and 22), usmg n = 0 016 for pipe and 0.013 for con¬ 
crete sewers 

The various steps of the computation may advantageously be put in 
tabular form, as in Table 79 

Minimum Size of Pipe Sewers.—The assumption that the smallest 
size of sewer to be employed is 8 in is commonly made in the authors’ 
practice, although in some cases a mimmum size of 6 in is adopted The 
adoption of a minimum size is necessary because expenence has shown 
that some comparatively large objects such as scrubbing brushes, for 
instance, do sometimes get mto sewers, and that stoppages resulting 
from them are less likely if sewers smaller than 8 in (or perhaps 6 in.) 
are not used. Obviously, the smallest sewer should be at least as large 
as, and preferably larger than, the building connections in general use, 
so that articles which pass the budding connections will be unlikely to 
stop the sewer 

Engineers are not in entire agreement upon the most advantageous 
size of building connections The most common size is probably 6 in., 
but 6 in and 4 in. are frequent. It is good practice to use one size for 
sewer connections and another size for drain connections, thus reducing 
the likelihood of either being connected to the wrong conduit in the 
street. The same result can be obtained by pamt marks for identifica¬ 
tion of one set of house pipes. 

Drop in Manholes.—In general, losses of head in well-constructed 
manholes are not of much consequence, although, under some circum¬ 
stances, they may be noticeable Years ago, when a manhole was 
usually a large well with a sewer entering at one side and leaving at the 
other, and frequently with a sump extending some distance below the 
invert of the sewer (for the ostensible purpose of collecting grit for 
removal), losses of head in manholes were considerable and drops should 
have been and usually were provided. At present, manholes are built 
with channels formed in them, connecting the ends of the entermg and 
leaving sewers, and there is no material enlargement of the stream of 
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sewage until it rises above the bench, which is often at the elevation of 
the center of the sewers, and better at that of the crown. 

Drops should always be introduced for the purpose of keeping the 
crowns of sewers up to the hydraulic gradient when full, although the 
sizes are different, other drops may be introduced to provide for main¬ 
taining the sewer at the proper depth to dram adjacent buildings or for 
the purpose of using up excess fall Often, however, there is no excess 

Table 80 —Analysis oir Sepaeatb Sewbb Design under Conditions 
OF Minimum Flow 
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16 0 

0 061 


0 051 
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6 

17 

50 

1.25 

2 
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0 000 
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7 

IS 

52 

1 3 

3 

55 0 
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0 

22 

00 

1 5 

4 

74 7 

0 164 


0 164 
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9 

22 

60 

1 5 

6 

102 0 

0 220 


0 220 

0 341 

10 

23 

60 

1 7 

6 

136 0 

0 285 


0 285 

0 442 

0 

22 

00 

1 5 

7 

263 0 

0 520 

0 25 

0 778 

1 20 

8 

20 

55 

1 0 

8 

302 2 

0 50 


0 84 

1 30 

0 

22 

00 

1 8 

9 

347 0 

0 68 


0 03 

1 44 
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21 
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1 0 

10 

374 0 
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1 40 

0 

22 

00 
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11 
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1 04 

0 37 

1 66 
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1 00 
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00 
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14 
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00 
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16 
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1 60 

’ 

2 22 

3 44 

0 
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00 

3 0 

16 

000 0 

1 61 


2 23 

3 45 

0 

22 

00 

3 0 


fall, the slopes required to maintain the flow result in adequate depth 
below the surface, and it is possible and desirable to carry the sewer 
through the manholes with only the fall due to the slope of the sewer. 

Analysis for Minimum Flow Conditions.^—^An experienced designer 
can usually estimate, on the basis of experience and judgment and of his 
knowledge of the basic conditions, whether the provision of adequate 
capacity to meet future conditions and maximum rates of flow will result 

‘ See also, Chap III, p 141, at seq. 
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in objectionably low velocities at times of low flow and in the early years. 
Until a sufficient background of experience has been acquired, the 
designer should analyze the design for minimum flow conditions, and 
it IS not always safe for an experienced designer to omit such analysis. 

Table 80 shows the method of analysis as applied to the design in 
Table 79 In such an examination, the actual mimmum rate of sewage 
flow should be applied, if it is known, if not, it should be estimated from 
the present population and the known (or estimated) night rate of water 
consumption, a reasonable dry-weather rate of ground-water flow, etc. 
For the present example, the following assumptions have been made’ 

1 Present density of population one-haJf that assumed for ultimate 
development 

2 Night rate of flow of domestic sewage, 50 gal per day per person. 
3. Dry-weather infiltration of ground water, 1,000 gal. per day per 

acre. 

On this basis, a curve of sewage flow per acre for present conditions, 
similar to that in Fig. 72, can be prepared, from which the mimmum 
rates of flow shown in the table are computed 

The ratio of the minimum flow to the capacity of the sewer when full 
shows the percentage of the capacity utilized by the mimmum flow. 
The corresponding iiercentage of depth and of velocity may readily be 
obtained from a diagram similar to Fig 32, page 128, but prepared for 
values of D and S approximating those appearing in the design This 
diagram was used in this example, though it strictly apphes only to a 
circular section with D = 1 0 and S = 0.005 

It should be remembered, in using the figures thus obtained, that 
there is some evidence that the value of n in pipe sewers increases as the 
depth of flow decreases, that is, that the depths of flow might actually be 
greater, and the velocities less than those computed 

Finally, it remains to consider whether the minimum velocities and 
depths will be so low as to make the operation and maintenance of the 
sewer costly or troublesome; and if the conditions seem likely to be 
objectionable, to re-exaimne the design with the object of increasing the 
grades and perhaps decreasing the sizes of the sewers, or otherwise obtain¬ 
ing larger nummum velocities If this cannot be accomphshed, it may 
be necessary to provide for special flushing or for cleamng the sewers 
frequently during the earlier years of their use 
Alternate Projects.—It may sometimes be found that two or more 
alternate locations are practicable for some of the sewers, in some cases 
involving locations across private land. Frequently, the relative desir¬ 
ability of such alternate projects can be determined by inspection, 
particularly when no change m size of sewer is probable; but in other 
cases it may be necessary to compute the complete design for each pro¬ 
ject, and make comparative estimates of cost before a decision can be 
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reached. Unless there is a material advantage in cost or other condition 
resulting from a location through private property, it is generally 
advisable to build sewers in the public ways. 

In order that no possibility of improving the lay-out may be over¬ 
looked, all possible alternate plans must be given consideration. 



CHAPTER VII 


PRECIPITATION 

Stonn-water Runoff.—The aizea of combined sewers and storm-water 
drains are determined primarily by the rates of rainfall and the available 
slopes for the sewers. The study of precipitation and the runoff from 
areas of different shapes, slopes, and surface characteristics should never 
be neglected by the engineer interested in sewerage works. Until about 
1910 there was a general tendency among engineers to rely on various 
formulas for runoff, but about that time the belief began to spread 
through municipal engineering offices and among consulting specialists 
that there was need of more complete and more accurate knowledge of 
rainfall and runoff, upon which to base the calculation of sewer sizes. 

Rates of Precipitation.—Many precipitation records give only the total 
amount of rainfall day by day, or, at most, the total precipitation during 
each storm, together with the tunes of beginning and ending. Such 
records are of slight value m the study of storm-water runoff. It is the 
maximum rate of precipitation lasting for a sufficient time to produce 
maximum runoff conditions which is of importance. Rates of precipi¬ 
tation can only be obtained from the records of recordmg rain gages. 
The use of such gages has generally been limited to the larger cities, includ¬ 
ing the more important Weather Bureau stations and engineering offices 
where runoff problems have been studied in detail, and until recent years 
very little trustworthy information relating to maximum rates of 
precipitation has been available 

Uniform and Variable Rates of Precipitation.—For periods of time 
exceeding a few minutes nearly all intense rainfalls occur at rates varying 
from time to time; a heavy precipitation at a uniform rate throughout 
the whole time is unusual. Sometimes there will be a downpour of high 
intensity followed by a period of rainfall at gradually decreasing inten¬ 
sities; sometimes this will be reversed and the greatest downpour will 
occur at the end of the period; but more frequently, particularly for the 
longer durations, the "intense rainfall”^ consists of alternating periods 
of precipitation at higher and lower rates. In general, the higher rates 
of rainfall are more likely to occur near the begioTiiTig than near the 
end of the period of intense rainfall. 

Obviously, the only way in which records of rates of precipitation can 
be compiled and used, except for single storms, is in the form of averages. 

1 For definition of intense or exoeseiye rainfall, see p. 202. 

24Q 
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The maxiinum rate of precipitation for a term of 30 min. would, there¬ 
fore, be understood to represent the average rate corresponding to the 
greatest total precipitation m a 30-mm. penod. Under this defimtion 
it makes no difference if the rate of precipitation falls to zero during a 
portion of the period as long as the total, and, therefore, the average rate 
for the entire period, is a maximum. 

Setting and Exposure of Gages.—The correct setting of a rain gage is 
of great importance. The exposure should be such that no obj ects which 
might interfere with the collection, by causing wind currents or other¬ 
wise, are withm 50 ft. of the gage, and the collector riiig or opening of the 
gage should not be more than 30 in. above the surface of the ground, 
which is the standard settmg for the regular Weather Bureau rain gage. 
This last condition is one which it is often difficult to meet. Elevated 
gages usually show a considerably less collection than those with stand¬ 
ard setting. If it is impossible to locate a recording gage substantially 
at ground level, a standard rain gage of the ordinary type should be 
maintained m the vicmity of the recording gage, and the records of the 
latter should be adjusted to accord with those of the standard gage. 
The following paragraphs from Circular B, Instrument Division of the 
U. S Weather Bureau, entitled "Measurement of Precipitation,” are 
pertinent in this connection: 

Expoaicre of Gages —The exposure of gages is a very important matter 
The wmd is the moat senous disturbing cause in collecting precipitation. 
In blowing agamst the gage the eddies of wind formed at its top and about 
the mouth cany away rain, and especially snow, so that too little is caught. 
Snow IS often blown out of a deep gage after once lodgmg therein. 

Rain gages'm shghtly different positions, if badly exposed, oatcli very 
different amounts of rainfall Withm a few yards of each other two gages 
may show a difference of 20 per cent m the ramfall m a heavy rain storm 
The stronger the wind, the greater the difference is apt to be. In a high 
location, eddies of wind produced by walls of buildings divert ram that would 
otherwise fall in the gage. A gage near the edge of the roof, on the windward 
side of a building, shows less ramfall than one in the center of the roof. 
The vertical ascending current along the side of the wall extends shghtly 
above the level of the roof, and part of the ram is carried away from the gage. 
In the center of a large, flat roof, at least 60 ft square, the rainfall collected 
by a gage does not differ materially from that collected at the level of the 
ground. A gage on a plane with a tight board fence 3 ft. high around it at 
a distance of 3 ft will collect 6 per cent more rain than if there were no fence. 
These differences are due entirely to wmd currents. 

Since the value of the precipitation records depends so greatly upon 
proper exposure, particular care should be taken m selecting a place for the 
location of the gage, and every precaution should be taken to protect it 
from molestation If possible, a position should be chosen in some open 
lot, unobstructed by large trees or buildings Low bushes and fences, or 
walls that break the force of the wmd m the vicmity of the gage, are bene- 
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ficial, if at a distance not less than the height of the object. The gages 
should be exposed upon the roof of a budding only when a better exposure 
IS not available, and, when so located, the middle portion of a flat, unob¬ 
structed roof enclosed by parapet walls generally gives the best redftlts. 

The Absolute Measurement of Rainfall —It is generally conceded that 
the true catch of rainfall is obtained by the so-called pit gage, that is, a 
sunken collector, with its mouth elevated above the ground only for enough 
to prevent insplashing to any serious extent and set m the middle of a large 
open level field Such a gage, however, easily becomes fouled with leaves 
and httor, and consequently its use is objectionable except as a standard of 
reference m experimental investigations A better disposition is secured 
by formmg a shallow pit, a foot or so deep, with the earth thrown up m a 
Circular nm 6 or 8 ft in diameter The collector is placed at the center 
of the depression with its mouth about level with, or a little below the nm of 
the pit. Such a gage is so effectually sheltered from the wmd that it coUects 
the same quantity of ram as falls upon an equal area of the ground near by. 

Nipher demonstrated in 1878 that almost or qmte the true catch of rain¬ 
fall could be collected m ordinary ram gages by surrounding them with a 
trumpet-shaped shield of sheet metal termmated m an annular nm of oopper- 
wiro gauze, 20 gage, mesh 8 wires per inch, to prevent msplashing This 
device so far minimized the ill effects of the wmd, that one of these shielded 
gages on a pole 18 ft above the tower of the university and 118 ft. above the 
ground, collected the same amount of ramfall as a shielded gage on the 
ground Hcllmann and others have also found the Nipher screen useful, 
and have secured equally satisfactory results by the use of a fence or wmd 
break around the top of the gage, at a distance from it equal to the height 
of the gage, and at an angular elevation above the gage of about 20 to 30 
deg These devices deflect and chock the force of the wind at the mouth of 
the gage to such an extent that the raindrops can enter the gage m a normal 
manner, and a true catch be obtained 

It seems appropriate at this pomt to say that, while the Weather Bureau 
is compelled to expose rain gages upon the roofs of lofty buildmgs m large 
cities, the catch of rainfall thus obtamed is often quite satisfactory. This 
IS accomplished by taking advantage of the sheltering and protecting 
influences afforded by large parapet walls, which are generally to be found 
around flat-topped offleo bmldings Shields and guards upon the gages 
themselves in these cases are not so effectual, smeo the distribution of the 
ram over the roof is quite irregular. The whole buildmg may be regarded 
as a huge, lofty ram gage. If shields and fences could be put around the 
bmlding itself, a true catch might be secured, but m the absence of these, a 
gage located m the middle of the roof, especially if it is surrounded by parapet 
walls 3 or 4 ft. high, collects nearly the true amount of rain. Roof exposures 
are accepted by the Weather Bureau as an unavoidable necessity at its 
stations in the centers of large cities where better exposures are impossible 
Ground exposures obtain wherever conditions permit, as, for example, in the 
smaller cities and at stations of co-operative and special rainfall observers 

From what has been stated it appears that the pit gage is probably the 
ultimate standard for the collection of ramfall and that a nearly true catch 
may also be obtained by the use of properly shielded gages. 
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Measurement of Precipitation.—Robert E. Horton^ gives an excellent 
discussion of methods and gages used at various times and places, to 
which reference is made for description of standard rain gages with 
comments on their accuracy. This paper relates mainly to “ ordinary ” 
rainfall records, in which the total quantity of precipitation is the infor¬ 
mation sought. The description and discussion of recording gages is 
brief and incomplete. Types of recording rain gages are described 
hereinafter, with illustrations of the more important ones used in this 
country. 


RECORDING RAIN GAGES 


Requisites.—The principal requisites of a satisfactory recording rain 
gage are that it shall accurately record the quantity of rain failing and 
the time in which it falls The measurement of the quantity may be 
obtamed by gagmg either the volume or weight of water, and its accuracy 
is dependent upon the correctness and adjustment of the measuring cham¬ 
ber, scales, or other apparatus, and their continuous and satisfactory 
operation The character of the record is dependent upon the mecha¬ 
nism operatmg the pen or pencil, the clockwork, and the scales adopted 
for the record sheet. S P. Fergusson® of the U.S. Weather Bureau says: 


The scales of the record sheet of a measuring instrument should bo capable 
of mdicatmg (1) the smallest value it is customary to measure, (2) the maxi¬ 
mum range of the phenomenon to be measured, (3) the maximum rate for 
the smallest time mterval usually found useful, and (4) the inclination or 
steepness of the line traced by the pen should not greatly exceed 45 clog., 
particularly if rates for small time intervals are to be moasurod. In tlio 
Umted States, the smallest quantity of precipitation usually measured 
with reasonable certainty is 0 01 m, the total m any storm rarely oxocods 
6 in, and 5 mm is the smallest tune interval ordmanly employed in tho 
measurement of excessive rate Lack of consideration of these points 
IS more evident m the design of mtermittent ram gages than m any other 
fo^ for there are numerous mstances of mstruments othei-wiso well designed 
where the Male of depth is 5 to 1 or even 10 to 1, while tho time scale is 
not more than 10 mm, and sometunea not more than 2 mm., to 1 hour. 

yyPf® Gages. The principal types of recording ram gages are the 
following: 


The hpping bucket gage, m which a bucket of two compartments is 
supported on tnumions, m such a way that the bucket will tip and thus 
empty one compartment as soon as it is filled, at the same time bringing 
the other compartment under the funnel. The number of tips or oscil- 
latioM of the bucket is recorded on a chart, usually by electrical means, 
i he JH nez gage is a commonly used gage of this type 

IT.ri. A™,., IBIO, 


Imwored Q.ia for-Pr«iupit.lioii." UtntU, WtoOtr Batm (July. 1021). 
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The weighing gage, which contains a receiver or can in which the rain 
is collected, and which is carried on scales or a spring balance so arranged 
that the quantity in the can is recorded upon a moving chart. The 
Fergusson gage is a good example of this type 

The gage, which requires the use of a receiver of uniform horizon¬ 
tal section, m which the depth of water represents the depth of rain 
collected; and a float ui this chamber carries a pen recordmg upon a 
moving chart The Mamn gage is a good example of this type. 

The press^tre gage, in which the quantity of water in the container is 
indicated by the use of a recording pressure gage made to show very small 
pressures. There are no commercial gages of this type, but one may be 
improvised without difficulty 

Descriptions of Particular Gages .—The Friez gage is made by Juhen 
P. Fnez and Son, Baltimore, Md. In this instrument (Fig. 73) rain 
is collected in a funnel 12 in. or 10.5 in. m 


diameter and conducted through a tube mto 
a bucket contaimiig two compartments. The 
contents of each compartment ore equivalent 
to 0 01 hi. of rain. The bucket is supported 
on trunnions in such a manner that as soon as 
a compai'tment is filled it tips and discharges 
the accumulated ram, iireseiiting the other 
compartment for filling Each time the 
bucket tips it makes an electrical contact and 
causes a pen to record a step upon a chart 
earned by a revolving cylmder (Fig. 74). A 
sample chart from this instrument is shown in 
Fig 76. It is seen that the curve traced does 
not represent directly the progress of the stonn, 
the motion of the pen being reciprocating, up 



Fig. 73 —Friez tipping 
bucket gage 


for 0.05 in. and doivn for 0 05 in 


The time scale of this chart is 2}^ m to an hour The amount of 
rainfall is indicated, not by measurement on the chart, but by counting 
the number of steps, or of “flights” of 10 steps each It is, therefore, 
possible to determine the rates of rainfall from this record with a very 
good degree of precision. The possibdities of error are, however, con¬ 
siderable. The Weather Bureau carefully investigated the accuracy 
of the instrument and determmed that on account of the appreciable 
time required for the bucket to tip, the error due to inflow of water into 
a compartment already full before the bucket could tip and present the 
empty compartment is sufficient to produce an error of about 5 per cent 
at times of very heavy ram It is found, also, that dirt washed into the 
buckets from the dust accumulating in the gage affects the character of 
the surfaces and the accuracy of the record. The adjustment of the 
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instrument must be carefully made and its record is absolutely depend¬ 
ent upon the electrical apparatus working correctly. 

A test of such a gage, made by J. B T. Breed, Chief Engineer of the 
Commissioners of Sewerage of Louisville, Ky, showed a total discrepancy 





Fig 74 —Register for Fnoz gage 





T-tUxt- 




-I 


JltL 


The ohart is 10^ inohea Ions 
Fig 75 —Chart from Fnez gage. 


of 17 per cent in a rai nfall amountmg to a total of 1.70 in. with a maxi¬ 
mum mtensity of 7 68 in. per hour for 6 nun. and an average intensity 
of 1 65 in. for 60 mm By discharging water into the gage at various 
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rates and measuring the actual accumulation as compared with the 
recorded collection, it was found that the rates of precipitation computed 
from the gage record should be increased by about 2 per cent for each 
inch per hour Thus a record showing precipitation at the rate of 5 in. 
per hour should be corrected by adding 10 per cent, making the corrected 
rate 6.50 in per hour. The teat was earned to an observed rate of 8 40 
in. per hour, the actual rate being 9.78 in. per hour. It has also been 



Fig. 70.—ForgusBon ram gage 


found that the bucket sometimes stops on center, thus entirely failing 
to register, as a portion of the water flows out each side and the bucket 
no longer tips. 

T}t£ Ferguason gage (1921 pattern) is also made by Friez. It is shown 
in Fig. 76, and a copy of the chart m Fig. 77. The water received by the 
collector is discharged into a can supported upon a spnng balance, the 
movement of which is transmitted by link motion to a pen moving 
through an arc of a circle and malting a record upon a chart carried by a 
revolving drum. This drum is made large enough to provide a satis¬ 
factory time scale and, as the levers are arranged so that the pen moves 
back and forth across the sheet until it has crossed it four times, it is 
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»vo DNIH0I3M Nossnoyad 


77.—Chart from Fergusson rain gage. 
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possible to show the precipitation on a magnified scale (IJ^-in. on chart 
to 1 in ram) and to record a total of 6 m. of ram. 

The old (1888) pattern of the Fergusson gage has been widely used. 
It IS similar to the present gage, and has a capacity of 6 in. of rain which 
IS shown on natural scale, while the time scale is but ^ in. per hour 
The mechanical details of the old gage were not nearly as good as those 
of the new one 

In spite of its disadvantages, some valuable rainfall intensity records 
have been obtained by the use of the old pattern Draper gage, in which 



7 


rn 
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Fig 78.—Draper rain gage, old style. 


the water was collected through a funnel placed in the roof of the building 
or chamber and conveyed through a tube mto a tipping bucket sus¬ 
pended from two heUcoidal springs (Fig. 78). These springs were so 
adjusted that the scale of precipitation was magmfied ten times, that is 
to say, 1 in. on the chart represented 0.1 in. of rain. The pen arm 
was attached to the bucket and moved directly with it, from the top of 
the chart to the bottom. When 0.5 in. of rain had been collected the 
bucket dumped and immediately returned to its upright position, 
bringing the pen to zero at the top of the chart. 

The chart (Fig 79) was carried on a flat plate suspended from a track 
and moved by clockwork. As originally constructed, the chart was 
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made to represent 1 week of time, but more recently the clockwork has 
been modified so that the chart makes a complete traverse in 24 hours. 
It is, however, so short, the total length being 12 in., that the scale is 
very small, only M hi per hour. 

By this instrument the precipitation is unnecessarily magnified, wliilo 
the time scale, as in the case of most instruments on the market, is too 
small for accurate determination of high rates of rainfall. The necessity 
of placmg the collector upon the roof of the buildmg, or of constructing a 
vault for the recorder, is also objectionable. 

CITY OF PAWTUCKET 

CITY ENGINEER’S DEPARTMENT 


iniiiaii ii«i(T«tiotiiepuir 34i( 7 a •uhii 



The chart la 12 inchea long 
Pig 70 —Chart from old-atyle Draper gago 


- An improvement of the old type of Draper gage, devised by George A. 
Carpenter,city engmeer of Pawtucket, R. I, makes possible the exact 
determination of 2-mm. mtervals of time, and, accordingly, the maxi¬ 
mum rates of precipitation for very short periods can be accurately 
determmed This result is accomplished by tapping the jicn at inter¬ 
vals of 2 min in such a way as to make a dash crossing the lino traced by 
the pen and therefore dividing the chart record into sections ouch 2 min. 
long Thus the amount of precipitation m each 2 min. can bo read from 
the chart with great accuracy 


^\%UaToxn float gage was designed by Charles F. Marvin, Chief of the 
U. S Weather Bureau, and is made by Fries. It is somewhat elaborate 
and comparatively costly, but has certain advantages, the most impor¬ 
tant of which are that it enables the record of 8 days to be made on a 
single sheet, wMe avoiding the errors of the tippmg-bucket type of 
gage and bemg mdependent of electncal circuits for its operation. The 

^ Eng News, 1916, 74 , 148 
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pen moves back and forth over a width of in. on the chart, changing 
direction for each of ram 

Clock Movements.—The importance of a good clock movement m a 
recording ram gage is not always recogmzed It is, however, a point 
that should receive careful consideration m the selection of an instru¬ 
ment. Not only should the clock be carefully regulated to keep correct 
time, but it is of much importance m any work involvmg two or more 
automatic gages, that the clocks be accurately synchronized, as other¬ 
wise it IS impossible to draw any trustworthy conclusions relating to 
travel of storms, or to the time interval between rainfall and runoff in 
sewers It is very desirable that all clocks be provided with dials to 
facihtate regulating and synchronizing, and in important work of large 
extent the practicability of electrically controlled clocks should be 
considered 


TIME-INTENSITY RELATION 

It IS well known that, m a general way, the intensity of precipitation 
varies inversely with the duration of the downpour, or in other words, 
that very heavy showers do not last as long as rams of less intensity. 
This “Variation m intensity, however, was not widely recogmzed as sig¬ 
nificant until recording ram gages had been used to a considerable extent 
Until recent years, no considerable amount of trustworthy information 
on intensity of precipitation was available, since practically aU rainfall 
records included little more than the total precipitation in each storm, or 
at most the time of beginning and ending of the storm m addition to the 
depth of ram. Moreover, not until the establishment of automatic or 
recording rain gages became somewhat general, and until these had been 
maintained for a sufficient period to get records of some length, was 
there sufficient information on which to predicate definite statements as 
to the relation between the mtensity of rainfall and the length of the 
period during winch the rain might fall continuously at any given rate. 
Little such information was available before the beginning of the present 
century. 

Relation between Intensity and Duration of Rain.—One of the earhest 
attempts to determine the relation between the intensity and duration of 
precipitation was that of Prof F. E. Nipher of St Louis, who, studying 
the records for that city for a period of 47 years, and analyzing such 
information as he could find relating to the heavier storms, reached the 
conclusion that this relation could be shown by the formula i = 360/L^ 
In 1889, Emil Kuichlmg, investigating the rainfall m the vicimty of 
Rochester, N. Y, similarly studied such records as were available, and 
reached the conclusion that in Rochester, for rams lasting less than 1 
hour the mtensity might be expressed by the formula i = 3 73 — 

‘ Am Ena ■ 1886 
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0.0506f, and for periods longer than 1 hour and leas than 5 hours, the 
intensity would be i = 0 99 - 0 002i. To Kuichling’s studies is due, 
in large measure, the present development of the rational method of 
estimating storm-water runoff. 

In 1891, Prof. A. N. Talbot analyzed in detail the rainfall records 
reported by the Umted States Weather Bureau and some from other 
sources The greater part of them were records of ordinary rain gages, 
but in a few cases the records were those of recording gages maintained 
in the larger cities From tins study he concluded that, for that part 
of the Umted States lying east of the Rocky Mountains, the formula 
i = 360/(i -|- 30) would express the maximum rainfall which was ever 
likely to occur, and the formula i = 105/(< + 15) would indicate the 
intensity of as heavy rams as it would ordinarily be necessary to con¬ 
sider in engineering design Talbot’s studies show very few storms 
indeed givmg intensities higher than those showed by the first formula, 
but a considerable number higher than the second equation 

From 1900 to 1915 or thereabouts, a considerable number of curves 
were developed for various locahties in the United States These were 
usually derived by plotting as ordinates several of the highest observed 
rates of precipitation for a given time interval, against the corresponding 
time as abscissa, and repeating this for various time periods from 5 to 120 
mm. or more The time-intensity curve was sometimes drawn as an 
envelope, including all the highest points, in which case it represented 
the maximum intensities of precipitation observed at the station under 
consideration; or it might be drawn somewhat below, and generally 
parallel to, the enveloping curve, representing in the judgment of the 
engineer the intensity of precipitation for which it was reasonable to 
make provision in designing drains. Such curves have generally 
been suggested as "bases of design,” without attempting to 
indicate the extent of the inadequacy which might accompany their 
adoption In some cases, three curves were derived, assumed to repre¬ 
sent the maximum, rare, and frequent rainfall conditions 

Fonn of Rainfall Curve.—In many cases where mathematical expres¬ 
sions have been obtamed for the rainfall curve, they have been written 
in the form, i = a/(t i>) This formula has the advantage of being 
easily solvable by simple arithmetical operations; and if the constants 
in it have been correctly determined, it usually expresses the actual 
observations with a farr degree of accuracy between the limits of 10 mm 
and 2 hours’ duration of ram. For either longer or shorter periods of 
time, however, the results obtained from this form of curve are generally 
too low. Practically, this is usually of little moment, since it is rarely 
necessary to consider a shorter period of time than 10 mm. or a longer 
one than 2 hours m the design of sewers. It is, however, desirable, if 
the curve is to be expressed m mathematical form, to have this form as 
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nearly correct as possible, and the exponential form, ^ = a/l'* haa been 
found to fit the recorded observations with a good degree of accuracy in 
many cases. The exponent 6 is usually found to bo between 0.5 and 
0.7. When it is just 0.5, this equation can be aolVed as easily 
as the former one, since the results can be obtained directly with a single 
setting of the slide rule for each value of 6. 

The form i = — y=^= is also a convenient one for use, as it can be 

V i + 6 

solved nearly as easily as the equation just mentioned, and, at least m 
some cases, it fits the observed points more satisfactorily It has the 
further advantage that the value of i as it approaches zero is a finite 
quantity, its magmtude depending on the values chosen for a and h 

FREQUENCY OF RAINFALL AT HIGH RATES 

It is usually financially impracticable, and sometimes physically impos¬ 
sible, to provide drains large enough to carry away, without delay, the 
runoff from the heaviest rainfall which may ever occur. It is, therefore, 
of great importance to have at least an approximate idea of the relative 
frequency of rains of various intensities The econonucal period for 
which the design should, be made is discussed on page 174. 

Development of Time-intensity-frequency Curves.—^If records of 
intense rainfalls are available for a sufficient period, say 20 years, so 
that they may be assumed to include all the weather conditions which 
are ordinarily experienced, then the maximum observed intensity for 
any duration of ram may be taken as that hkely to bo equalled or 
exceeded once in that period, in this case once in 20 years; the second has 
been equalled or exceeded twice in the period of record, or on the average 
once in 10 years, and may be assumed to have a frequency of 10 years 
Similarly, intensities likely to occur in any time interval shorter than the 
period of record may be obtained 

If then the highest 10 points for each time interval (duration of down¬ 
pour) be plotted, the lines connectmg the several points of the same 
rank will represent the intensities which have been equalled or exceeded 
on the average once in 20 years, 10 years, 6^^ years, 5 years, and other 
intervals, down to once in 2 years For convenience, the corre¬ 
sponding rainfall rates are said to have frequencies of 20 or 10 years, and 
the like. Judgmg the future by the past, and smoothing out the curves 
so as to elimmate obvious inconsistencies (os for instance when a pomt is 
so far in excess of others as to indicate an occurrence unlikely to recur 
in a much longer period), the resulting curves may reasonably be taken 
as time-intensity curves of various degrees of frequency. 

Obviously, the lower curves are less likely to be in error than the outer¬ 
most or enveloping curve, and the longer the period of record, the better 
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the series of curves. Some of the maximum points in a record, 
say of 30 years, for example, may diverge so much from the others as to 
indicate that they really belong on a curve of much less frequency, such 
as a 50- or 100-year curve. On the other hand, the highest two or tliree 
curves may be so close together as to indicate that the highest is probably 
not the true average curve for the stated period of years. 

In an analysis of this kind, there is no way of estimating the probable 
frequency of such abnormal data It is customary in such cases to oimt 
from consideration any points which are so far above the others as to 
indicate that they really represent the maximum for a much longer 
penod of time than that covered by the record. The “probability 
method” outlined on page 269 is a better method for utilizing such data. 

Direct plotting of the data for each duration of downpour may be 
employed as a test of the reasonableness of some of the assumptions. 
Loganthmic coordmate paper is particularly advantageous for such 
plotting. Such a record as that in Table 82, for instance, would be 
tested by plotting a smooth curve for 6-min. duration of downpour, in 
which ordinates would represent intensity of precipitation and abscissas 
the average frequency of occurrence, another curve for 10-min. duration, 
and so on It will be seen that the maximum observed intensities are 
considerably below the curve corresponding to the other points—so 
much so as to indicate that these maxima probably correspond more 
nearly to 15- than to 24-year average frequency It would be po.ssible 
from the smooth curves on this diagram to construct hypothetical 
curves of time-intensity-frequency relations, and for the highest inten¬ 
sities occurring during the period of record, this would be more likely to 
be correct than the method usually followed 

If the curves for the various durations are in reasonable agreement 
with the plotted points, it may be possible to extend them and to con¬ 
struct a curve of probable relations corresponding to a frequency much 
less than the term of the observations; for instance, a 50-yoar curve 
might be based upon records covering 20 years. The dangers of relying 
too much upon such extrapolated curves are obvious. 

The application of this method may be illusti’ated by an example 
abstracted from a Report to the Commissioners of Sewerage of Louis¬ 
ville, Kentucky, by J. B. F. Breed and Metcalf and Eddy, dated Aug. 31, 


Intensity of Rainfall at Louisville, Kentucky.—The United States 
Weather Bureau has mamtained a rain gage in Louisville since 1872. 
Smee 1894 a registering automatic rain gage has been in use. The 
records from 1894 to 1897 inclusive for excessive rainfalls^ are recorded in 

“ defined by the U S Weather Bureau. Include all rotoe of prooipi- 
M ■*; “ (token os hundredths of ™h^ 

Thus 0.26 in. in 6 min., 0.80 In. in 60 nain.. and 1.40 m. in 120 mm., at^ exoeed J 
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Table 81 —Intbnbitt, Duration, and Frequency op RajnpaIjL, at 

Louisville, Kt. 

Twenty-four years, 1897-1920 


Number of 

times equalled 123460780 10 

or exceeded 


Avernso fre- 
quenoy, years 


12 8 


6 4 >« 


3K 


3 


2ii 


2Mo 


Duration, 

minutes 


6 Amount^ 

0 77 

0 

74 

0 

61 

0 

67 

0 

40 

0 48 

0 46 

0 

42 

0 

41 

0 38 

Intensity*, 

0 

24 

8 

88 

7 

32 

0 

84 

6 

88 

5 70 

5 40 

6 

04 

4 

02 

4 66 

10 Amount 

1 

16 

1 

14 

0 

87 

0 

70 

0 

60 

0 67 

0 

06 

0 

06 

0 

04 

0 01 

Intensity 

e 

go 

6 

84 

6 

22 

4 

60 

4 

14 

4 02 

3 

06 

3 

00 

3 

84 

3 06 

16 Amount 

1 

40 

1 

33 

1 

06 

1 

00 

0 

06 

0 00 

0 

84 

0 

78 

0 77 

0 77 

Intensity 

6 

60 

6 

32 

4 

20 

4 

00 

3 

80 

3 60 

3 

36 

3 

12 

3 

08 

3 08 

20 Amount 

1 

60 

1 

44 

1 

24 

1 

16 

1 

14 

1 00 

0 

00 

0 

00 

0 03 

0 00 

Intensity 

4 

77 

4 

32 

3 

72 

3 

48 

3 

42 

3 27 

2 88 

2 

88 

2 

70 

2 70 

26 Amount 

1 

68 

1 

40 

1 

46 

1 

33 

1 

32 

1 14 

1 

10 

1 

06 

1 

03 

1 00 

Intensity 

4 

03 

3 

68 

3 48 

3 

10 

3 

17 

2 74 

2 

04 

2 

52 

2 47 

2 40 

30 Amount 

1 

72 

1 

71 

1 

64 

1 

44 

1 

44 

1 24 

1 

13 

1 

10 

1 

00 

1 00 

Intensity 

3 

44 

3 

42 

3.08 

2 

88 

2 

88 

2 48 

2 

26 

2 

20 

2 

18 

2 18 

46 Amount . 

1 

82 

1 

81 

1 

60 



1 

47 

1 46 

1 

30 

1 

20 

1 

27 

1 24 

Intensity 

2 

43 

2 

41 

2 

26 



1 

00 

1 03 

1 

86 

1 

72 

1 

60 

1 66 

60 Amount 

2 

00 

1 

03 



1 

73 

1 

63 

1 47 

1 

41 

1 

30 

1 

36 

1 33 

Intensity 

2.00 

1 

03 



1 

73 

1.63 

1 47 

1 

41 

1 

30 

1 

36 

1 33 

80 Amount 

2 

43 

2 

38 

1 

00 



1 

68 

1 67 

1 

67 

1 

67 

1 

63 

1 40 

Intensity 

1 

82 

1 

70 

1 

40 



1 

10 

1,18 

1 

18 

1 

18 

1 

16 

1 12 

100 Amount 

2 70 

2 

44 

2 

02 



1 

67 

1 06 

1 

01 

1 

61 

1 

00 

1 68 

Intensity 

1 

62 

1 

46 

1 

21 



1 

00 

0 00 

0 

07 

0 07 

0 

00 

0 06 

120 Amount. 

2 

72 

2 

40 

2 

06 



1 

73 

1 72 

1 

72 

1 

00 



1 62 

Intensity 

1 

30 

1 

23 

1 

03 



0 87 

0 86 

0 86 

0 

83 



0 81 

180 Amount 

3 

01 

2 

40 

2 

28 

2 

13 

2 

00 

1.86 

1 

86 

1 

86 

1 

80 

1 74 

Intensity. 

1 

00 

0 

83 

0 76 

0 71 

0 70 

0 02 

0 02 

0 

62 

0.60 

0 68 

240 Amount 

3 

16 



2 

48 

2 

26 

2 

14 

2 10 

2 03 

1 

03 

1 

00 

1 80 

Intensity 

0 

70 



0 

02 

0 

60 

0 

64 

0 62 

0 

61 

0 

48 

0 48 

0 47 

300 Amount . 

3 

21 

2 

60 

2 

62 

2 

28 

2 

20 

2 10 



1 

08 




Intensity 

0 

64 

0 

62 

0 

60 

0 

46 

0 44 

0 44 



0 

40 




800 Amount 



2 

82 

2 

00 

2 

38 











Intensity. 



0 47 

0 

46 

0 

40 












1 Amount in inobes 
I Intensity in inohes per hour 
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the Monthly Weather Review, the maximum amount being given for the 
5-, 10-, and 60-min intervals Since 1897, records of accumulated 
amounts have been published for several time intervals, after the begin¬ 
ning of intense rates In this study, the 24 years’ records for the period 
1897-1920 are used. 

The mRYiTmim amounts and intensities are given m Table 81, arranged 
in the order of their magmtude and number of oocurronces for the periods 
indicated, regardless of the storm m which they occurred, that is, the 
amounts and intensities shown for a given number of oocurronccH did not 
necessarily occur durmg a smgle storm. For example, tho highest 
amount for 5-inin duration occurred during the storm of July 15, 1919, 
and for 10-, 16-, 20-, 26-, 30-, 45-, and 60-min. during tho storm of Aug. 
29, 1917, and for durations longer than 60 mm during the storm of Aug 
8, 1898. Therefore a sewer system, if designed to cure for the runoff 
from rainfall mtensities as shown for a given number of occurrences, 
would be likely to be surcharged only in part by a single storm in wliich 
mtensities correspondikg to those of a smaller number of occurrences 
were experienced. 

The first hne in the table shows the order or number of occurrences, 
and apphes to the amounts and intensities given in the columns below 
the numbers. The figures represent the number of times that the 
intensities and amounts for the different periods have been equalled or 
exceeded m the 24 years covered by the record. 

The second line shows the frequency m years and is equal to the length 
of the record divided by the number of occurrences. 

In colu mn 1 is the highest amount in inches, and the corresponding 
intensity in inches per hour for the duration stated. In column 2 is 
the second highest amount m inches and the corresponding intensity in 
inches per hour for the duration stated, and so on for the other columns. 

It will be noted that no data are given for the storm of 360-min. dura¬ 
tion and occurring once m the period of tho record, although tlio storm 
occurring twice is shown. Similarly, for 45-niin. duration, stornia occur¬ 
ring three and five times are shown, but none for four occurronoes. In 
these points, the table departs from the data obtained from tho records, 
because the 360- m i n precipitation tabulated as of two ocourroiicea was 
actually experienced but once, and the other blanks indiciato similar 
shifts of the record data. But if the cumulative ainoiiiits of rain be con¬ 
sidered, it is obvious that the typical storm of 24-y6ar frequency could 
not have yielded 3.21 in. in 300 nun. and a smaller amount, 2.82 in., in 
360 min. The quanUty for 360 mm. must be at least 3.21 in., unless the 
amount for 300 nun is abnormal and should bo reduced, and the other 
figures give no indication that this is the case The amount of 2.82 in., 
18 , therefore, shifted to the column of amounts equalled or exceeded 
twice, subject to the same critenon when examining the data in that 
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column In a similar way, other figures have been shifted into columns 
later than their actual places, before utilizing the figures for drawing 
curves. 

It sometimes happens that when two nearly contiguous downpours 
with moderate intensity of precipitation between them are treated as a 
smgle storm, somewhat higher intensities will be found for a given dura¬ 
tion than for a shorter duration. This is very exceptional, however, and 
is not in accordance with the general relation which exists between 
intensity and duration of rainfall. 

From the data in Table 81, Fig. 80 has been plotted with intensities 
in inches per hour as ordinates, and duration in minutes as abscissas. 
On this figure is also shown a pomt plotted for 2 70 m. per hour and for a 
duration of 60 min , and marked “Storm of July 4, 1890 ” As can be 
seen, this storm lies far above that of any in the records of 1897 to 1920, 
inclusive It may, therefore, be inferred that this storm is of very 
unusual character and will recur only at very long intervals. It is quite 
certam that the city would not be justified in building all its sowers of 
a capacity sufl&cient to carry off the rainfall from a storm of such magni¬ 
tude The data for this storm are not as complete as for the 
other storms, as the maximum intensities for the 6-, 10-, and 60-min. 
periods only are given. Table 82 gives the data on this and other 
excessive rams reported m the Monthly Weather Review for 1895 
and 1896. 

Table 82 —Amounts and Rates of Exobssivb Rainfall at Louisville 




(Inches) 1896-1896 





Duration 


Date 


1 

1 




5 min. 

10 nun. 

60 min 


Amount Intensity Amount Intensity Amount Intensity 

June 4, 1895 

0 60 

6.00 

0 66 

3.30 


June 20, 1895. 





0 87 0 87 

June 23, 1896. 

0 66 

6 60 

1 00 

6 00 

1 371 1 37“ 

July 4, 1896. . 

0 66 

6 60 

1 06 

6 30 

2 70 2 70 

July 20-21, 1896 





1 29 1 20 

1 Duration, 36 rnin 






* Rate for 30 min, ■ 

- 3.80. 





It is recognized that 

were the data for 

these storms complete, they 


might alter the arrangement in Table 81 and change the curves slightly. 
Because of the paucity of data, however, these storms have not been 
included m the analysis of the rainfall. 
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On Fig 80 is shown the 24-year frequency curve, based upon the 
actual records. Curves for frequencies of 15, 10, and 5 years have also 
been deduced from the data and are shown on this figure. 

The equation % = 33.3/i® gives results which correspond closely with 
intensities which may be expected to be equalled or exceeded on the 
average once in a period of 15 years. The 10-year curve is fairly well 
represented by the equation i = 75/(i + 10)“ ®“. The 5-year curve is 
represented by the equation i = 168/(i 4- 24)^ 

It appears that there is very little difference between the 15- and the 
10-year curves, especially for periods of 20 to 60 min., which are fre¬ 
quently used in the design of sewers and are, therefore, particularly 
sigmficant. The variation is less than 10 per cent, so there would prob¬ 
ably be no difference in the sizes adopted for sewers, whichever curve 
were used It is of mterest, however, to notice that withm the signifi¬ 
cant period from 20 to 60 min, the 10-year curve is from 15 to 20 per 
cent higher than the 6-year curve. The record indicates that for 
periods of time greater than 30 min , sewers designed by the 5-year curve 
would be surcharged, on the average, three times, and if designed by the 
10-yeai‘ curve, twice in a period of 24 years. 

The 16-year frequency curve is controlled by 6 storms. For durations 
of 6 to'^5 min , inclusive, the storms of July 16, 1919, and Aug. 29, 1917, 
fix the location of the curve withm narrow bmits. For 30- and 45-min. 
duration the storms of July 29, 1918, and Aug. 29, 1917, determine the 
position of the curve. For durations from 60 min. to 180 min., inclusive, 
the storms of Aug 8, 1898, and Aug. 29, 1917, determine the position 
of the curve. In general, the 16-year curve corresponds to the intensi¬ 
ties experienced during the storm of Aug 29, 1917. It lies somewhat 
below this storm for periods from 10 mm to 30 min , almost coincident 
with it for periods of 46 and 60 min., and is again a httle below for dura¬ 
tions of 80 mm and longer. 

It wiU be noticed from Fig, 80 that the highest two mtensities for a 
duration of 45 min. are almost coincident, and the 10-, 15-, and 24-yoar 
frequency curves are very close together. It seems probable that the 
city will experience an intensity for 46 min somewhat higher than any 
shown by the records. This justifies the position of the 15-year curve 
which lies slightly above the maximum intensity which has been recorded 
as indicated on the figure for this duration 

Rainfall Intensities in Other Cities.—Table 83 shows the intensities ^ 
for the St Louis, Cincinnati, New York, and Boston 15-year curves, the 
Springfield 13-year curve and the Louisville 15-, 10-, and 6-year curves, 
and the Detroit 10-year curve. 

A St. Louis curve, represented by the equation i = 66/(< -|- 5)“-®®, was 
derived by W. W. Horner, now engineer in charge of Division of Design, 
Sewers, and Paving, in 1910 from the U. S. Weather Bureau Records for 



Table 83—Comparison op St. Loots, Cincinnati, New York, Boston, Springfield, Mass, 
Louisville and Detroit Rainfall Intbnsitt—Duration—^Frequency Curves 
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the years 1873 to 1909, inclusive. This curve was used by Homer in 
sewer design in St. Louis from 1910 to 1916, and was estimated to repre¬ 
sent intensities which would be equalled, or exceeded, on the average 
once in 15 years. In 1910, the city installed its own rain gages and the 
records of these gages, together with those onginally obtained from the 
Weather Bureau, later made it advisable to revise the curve first adopted. 

In 1916, another thorough study of the rainfall record was made, and 
the curve was agam changed slightly and this curve (column 2, Table 83) 
was used in 1916 for all sewer design. On the basis of this curve it is 
estimated that if other considerations of the design are correct, the 
sewers wiU be surcharged somewhat at mtervals of about 15 to 20 years. 

The Cincinnati 15-year curve, represented by the equation i = 16/f^ 
was derived from the U. S. Weather Bureau records from 1897 to 1912, 
and is given in the report of H. S. Morse and H P Eddy to H. M. 
Waite, Chief Engineer, Department of Public Works, dated Dec. 31, 
1913. 

185 

The New York 16-year curve represented by the equation i = 

(column 4) was derived from the 45-year record of the Central Park gage, 
1809 to 1913, mclusive, and is given in a progress report of the Committee 
on Rainfall and Runoff of the Society of Municipal Engineers of New 
York City, pubhshed in the Transactions of the Society for 1913. 

The New York 15-year curve given in column 6 is the curve proposed 
by Kenneth Allen, Samtary Engmeer, Board of Estimate and Appor¬ 
tionment,. New York City, and is based on a probabihty study of the 51- 
year record of the Central Park gage,^ 1869 to 1920. 

The Boston* and Springfield* curves were derived by Metcalf and 
Eddy from the records of the Chestnut Hill and U. S. Weather Bureau 
gages at Boston and the municipal gage at Spnngfield. 

Estimation of Time-intensity-frequency Relation on Basis of Prob¬ 
ability.—Another method of estimatmg the time-mtensity relation is the 
probability method, the application of which can be facilitated by the 
use of paper ruled in graduations proportionate to the relative probability 
of occurrence of events diverging from the mean by various amounts, 
according to the mathematical theory of probability—the so-called 
“probability paper." The application of this method in studying the 
frequency of excessive rains involves disregarding all except the greatest 
downpour in the unit time period adopted for the study; that is, if the 
period be taken as one year, the percentage of the years in which a certain 
intensity of ram may be expected can be estimated; but the possible 
occurrence of two or more excessive rains within a single year is left out 

1 Shown sraphioally in article published In Eng, Nevia-Record, 1021, 86 , 688 

*Jow Boston Soo C B , 1020, 7, 47 

*Eno, News-Record, 1020 , 96, 445, 
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of qonsideration Only the maximum intensity m eaoh year for each 
time of duration is used m the analysis; any secondary maxima in the 
same year are neglected The method is therefore theoretically unsound, 
as some of the significant data are disregarded. It is claimed by advo¬ 
cates of this method that, practically, this is of little sigmfioance. 

An apphcation of this method to the Louisville rainfall record is shown 
in Table 84 and Fig. 81 The maximum rate of rainfall for 
each duration, which occurred in each year of the record, was selected 



2 


.1 

0.01 0050.102 12 5 10 20 30 40 SO 60 70 80 90 95 

Per Cenrlof+heYears'in whichIn+ensl+y Is Equalled or Exceeded 

Pig. 81 —Excessive rainfall at Louisville, Ky. Probability study. 

and tabulated m Table 84, and plotted in Fig. 81 on probability paper 
Average hues drawn through the pomts thus plotted may be extended 
to mdicate occurrences of much less frequency than the record itself 
would show. 

In plotting such data, it is customary to assume that the figures for 
each year are representative of a stnp of a width equivalent to the ratio 
of one year to the total number of years of the record. For a 24-year 
record, one year is 4.16 per cent, and if the maximum record is assumed 
to represent the average for 4.16 per cent of the years of a record of mdef- 
uute length, it should be plotted at 2.08 per cent on the diagram. 
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Table 84-. —Maxhtom Intensities of Rainfaxl Expehtenced in Each 
OP THE Yhabb 1897 to 1920, Inclusive, at Louisville, Kt., ARRANaBD 
IN Order op Their Magnitude 


Oaourrenaos Intenaitlea of precipitation equalled or ezoeded in 

Average per cent for minutes 


Times 

Per 

cent 

plotting 


6 

1 

1 

1 20 i 

1 30' 

1 00 

1 120 

1 180 

1 240 

|300 

1 

4 

2 

2 

1 

9 

24 

0 

90 

6 

60 

4 

77 

3 

.44 

2 

00 

1 

30 

1 

00 

0 

79 

0 

04 

2 

8 

3 

0 

2 

8 

88 

0 

84 

6 

32 

4 

32 

3 

42 

1 

03 

1 

23 

0 

83 

0 

02 

0 

62 

3 

12 

6 

10 

4 

7 

32 

5 

22 

4 

20 

3 

72 

3 

08 

1 

73 

1 

03 

0 

76 

0 

62 

0 

60 

4 

10 

7 

14 

0 

0 

84 

4 

60 

4 

00 

3 

48 

2 

88 

1 

63 

0 

87 

0 

71 

0 

66 

0 

46 

5 

20 

8 

18 

8 

6 

88 

4 

14 

3 

00 

3 

27 

2 

48 

1 

41 

0 

SO 

0 

70 

0 

64 

0 

44 

e 

25 

0 

22 

9 

6 

40 

4 

02 

3 

30 

2 

88 

2 

.20 

1 

30 

0 

S3 

0 

62 

0 

62 

0 

44 

7 

29 

1 

27 

1 

6 

04 

3 

00 

3 

12 

2 

79 

2 

20 

1 

30 

0 

79 

0 

62 

0 

61 

0 

40 

8 

33 

3 

31 

2 

4 

92 

3 

84 

3 

08 

2 

70 

2 

18 

1, 

.33 

0 

79 

0 

60 

0 

48 

0 

30 

9 

37 

6 

36 

4 

4, 

.60 

3 

00 

3 

00 

2 

67 

2 

18 

1 

24 

0 

77 

0 

58 

0 

47 



10 

41 

0 

39 

6 

4 

60 

3 

64 

2 

90 

2 

68 

2 

.16 

1 

24 

0 

77 

0 

68 

0 

46 



11 

46 

9 

43 

7 

4 

32 

3 

48 

2 

80 

2 

65 

2 

08 

1, 

.20 

0 

76 

0 

67 

0 

46 



12 

60 

0 

48 

0 

4 

32 

3 

48 

2 

76 

2 

66 

2 

00 

1 

18 

0 

73 

0 

60 

0 

34 



13 

64 

2 

62 

1 

4 

20 

3 

42 

2 

72 

2 

49 

1 

02 

1 

16 

0 

70 

0 

46 





14 

68 

3 

60 

3 

4. 

,20 

3 

30 

2 

04 

2 

40 

1 

SO 

1 

12 

0 

06 

0 

46 





16 

02 

6 

00 

4 

4 

08 

3 

30 

2 

00 

2 

34 

1 

SO 

1 

09 

0 

64 

0 

44 





10 

00 

7 

04 

0 

3 

90 

3 

24 

2 

60 

2 

07 

1 

00 

1 

08 

0 

64 

0 

30 





17 

70 

8 

08 

8 

3 

84 

3 

12 

2 

62 

2 

04 

1 

68 

1 

06 

0 

63 

0 

30 





18 

76 

0 

72 

9 

3 

72 

3 

12 

2 

62 

1 

90 

1 

46 

0 

97 

0 

61 

0 

30 





19 

79 

1 

77 

1 

3 

00 

2. 

82 

2 

40 

1 

06 

1 

42 

0 

84 

0 

48 







20 

83 

3 

81 

2 

3 

00 

2 

70 

2 

24 

1 

06 

1 

36 

0 

77 

0 

48 







21 

87 

6 

86 

4 

3 

00 

2 

04 

2 

24 

1. 

06 

1 

10 

0 

74 

0 

43 







22 

91 

7 

89 

0 

3. 

12 

2 

68 

2 

08 

1 

06 

1 

14 

0 

73 









23 

96 

8 

03 

7 

3 

12 

2 

68 

1 

84 

1. 

41 

1 

14 

0 

01 









24 

100 

0 

07 

9 

No intense i 

storm reported in one year 

of 

series 



Table 85 shows a comparison of 15-year time-intensity curves for 
Louisville as derived by the ordinary method of direct plotting, and by 
the probability method; and also a 100-year frequency time-intensity 
curve derived by the probability method. 

It is seen that the probability study gives lower intensities for this 
curve than those obtained by direct plottmg; but the figures probably 
ought not to be compared directly, since the probabihty study indicates 
rates which should be expected to recur in 1 year out of 15, or QH per 
cent of the years—possibly two or more times in some of the years, and 
therefore more frequently than once in 15 years. Moreover, the com¬ 
parison might be different for curves of other frequencies. 

When occurrences of much greater ranty are considered, as once in 100 
years, the possibility of such events occurring more than once in a single 
year is so slight that it may be left out of the reckoning. Nevertheless, 
the omission of secondary excessive rainfalls in years when two or more 
such storms occurred may affect the slope of the lines on the probability 
diagram. For extrapolation, as to estimate 100-year frequency from a 
24-year record, the probabihty study may be the best method now 
available. 
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Table 86.—Compaeison op Intbnbitt op Rainpall fob Vabioub Duba- 
TioNB AT Louisville to Be EIxfecteo Once in 16 Yeabs, as Esti¬ 
mated BT Dibbct Plotting and bt Pbobability Papbb; also 
Intensitibs to Be Expected Once in 100 Yeabb, pbom 



Probability Study 


Duration of 

Intensity to be expected once in 

16 years 

Intensity to be 
expected once in 
100 years 

downpour, 

minutes 

By direct 
plottmg 

By probability 
study 

By probability 
study 


Inches per hour 

Inches per hour 

Inches per hour 

10 

6 91 

6 0 

7.7 

16 

6 23 

4 7 

6 1 

20 

4 30 

4 0 

6 1 

30 

3 26 

3 0 

3.9 

60 

2 03 

1 86 

2 36 

120 

1 27 

1 10 

1 40 

180 

0 96 

0 82 

1.06 



Fiq. 82. Diatnotfi for whioli Meyer's| rainfall formulas wore'derived. 


} 

Time-intensity of .rainfall curves for various parts of the United 
States were prepared for the U S. Housing Commission.^ Other curves 
may be found m reports similar to the Louisville report quoted above, 
and in articles in the techmcal press. 

^ John W. Alrord, Chief Engineer, Monthly Weather Renew, Anguat, 1021. 
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Meyer’s Formulas.—In “The Elements of Hydrology,” (1917) Prof. 
. F Meyer has developed formulas for intensity of rainfall in various 
jctions (“groups”) of the eastern half of the United States, utilizing 
ae records of all the important rainfall stations in each group, as though 
ley represented a single record of a length equal to the sums of the 
mgths of the individual records. He did not utilize any records for 
inger periods than 2 hours From these data he has devised the for- 
lulas given in Table 86 as applicable for the districts shown on the map 
1 Fig. 82. 

'able 86 —Mbtbu’b Formulas for Intensity op Eainpall in Various 
Sections op the United States, for the Stated Frequencies 
See map (Fig 82) for limits of sections 


Diatrlot 


Bordering Qulf of Menoo 

Central Texas, Eastern Kon- 
BOB, MiSBOun, Arkansas, 
Northern Mississippi, Oeor- 
raa, and Atlantic Coast to 
Narrogansett Bay 
East of Meridian 100 and 
north of District 2 os for os 
Groat Lakes, Southern Now 
York, and Southern New 
England 

Canada East of Meridian 00, 
Northern Now York, North¬ 
ern New England . . 
Eastern Montana and 
Wyoming, Western Dakotas 
and Nebraska 


Intensity of rainfall, in Inches per hour, 
for frequenoy of 


1 

2 

6 

10 

25 

60 

100 

year 

years 

years 

years 

years 

years 

years 

146 

180 

220 

270 

355 

460 

000 

f -t- 23 f -f 24 6 

t + 27 

t -f- 32 

f -t- 40 « + 60 1 + 06 


100 

181 

171 

214 


252 

280 

326 

f -t- 18 

t + 21 

t -f- 23 6 

f -t- 20 

f 

+ 28 

< -t- 30 

f + 32 

72 

00 

122 

150 


181 

210 

250 

t + 13 

1 + 10 

f + 18 

i + 10 f 

i i 

+ 21 

< -1- 23 

f + 26 

00 

84 

108 

132 


100 

180 

210 

f -t- 16' 

f -1- 10 

( -t- 17 6 

t + 10 

T 

+ 20 

f -t- 21 

f + 22 

00 

76 

00 

105 


120 

162 

180 

f + 13 

f -1- 13 

i -f" 13 

< + 13 

t 

+ 14 

( -1- 10 

t + 18 


PHENOMENAL RAIN STORMS—“ACTS OF GOD” 

Storms of extreme intensity, commonly called “cloudbursts,” are 
ocasionally experienced m the Eastern Umted States. Several very 
avere storms may even occur within a few weeks or months, at a given 
jcality. 

During 1913, New York City experienced four storms, in all of which 
he intensity of precipitation, practically throughout the storm, was 
reater than that given by the equation i = 16/t®‘®. The significant 
lets relative to these storms and mtensities obtained by this formula 
re oontained in Table 87. 



274 


AMERICAN SEWERAGE PRACTICE 


Table 87 — Phenomenal Rainfalls in New York City, 1913 


Date 

July 10 1 

July 29 

Sept. 5 1 

Oct 1 



100 

Central 

Centnil 


15 

Place 

Broadway 

Park 

n 1 Kiulniioiid 

Park 

i = 

Vt 

i minutes 

Intensity t-mches per hour 



1 




8 40 

15 00 

2 




8 10 

10 00 

4 




0 45 

7,50 

5 

9 88 

6 12 

7 20 


' 6 72 

7 




6 24 

5 68 

10 

7 56 

5 76 

6 90 

5 04 

4 75 

15 

6 52 

4 80 

6 36 

5 16 

3 88 

19 




5 05 

3 45 

30 

4 18 

2 96 

5 24 


2 74 

37 




4 84 

2 47 

49 




4 75 

2.15 

59 




4 44 

1 95 

60 

2 30 

2 73 

3 31 


1 94 

85 




3 80 

1 63 

106 




3.37 

1 46 

120 

1 28 

1 56 

1 85 


1 37 

123 




3 00 

1 35 


These storms showed mtensities m several cases far beyond the 100- 
year curvei for New York given by Kenneth Allen® and the storm of 
Oct. 1 showed an intensity for 120 min nearly 70 per cent higher than 
that given by Allen’s "Absolute Maiomum Curve.” Allen’s curves are 
given in Fig 83 


ven more intense rainfalls are occasionally reported, but it seems 
probable that, outside the tropics, their occurrence in any given locality 
IS extremely rare. Ivan E. Houk* quotes old records of a phenomenal 
ram of Aug 5, 18^, which apparently included a downiiour of about 10 
m. 3 houre at Concord, Delaware County, Pa. Kobcrt E. Horton-* 
reported sucharam at Taborton, N Y., on Aug. 10, 1920, when 11.02 in. 
feU in 24 hours^ of which 8.95 m. feU in about 2 hours. 

for^wfn,^ maximum intensity of precipitation 

the durations dunng a number of heavy rams in various parts of 

t Umted States east of the Rocky Mountains. They do not neces- 


1 Baaed on a study of the Sl-year record of the 

* Trans Am Soc C E, 1922,85, 121. 

* JSnff Newa-Record, 1022, 89, 402 

^ Monthly Weather Retxea, April, 1021. 


ram gago at Central Park. 
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sarily represent the most severe storm of which there is record at each 
locality; indeed it is rarely the case that the greater intensities for all 
durations of downpour occur in a single storm. 

The figures show that at least in the eastern half of the United States, 
rain storms of high intensity are of a similar character. They do not 

10 


\ 



I 


% 10 20 30 40 50 60 TO 80 90 100 110 IZO 

Duration of Ram in Minutes 

Pig. 83.—Maximum rainfall mtenaitiea, New York City, as determined from the 
records of the Central Park gage from 1869 to 1920 (,Allen.) 

give any indication of the relative frequency of such storms in various 
localities. In some places they may be experienced more frequently 
than once in ten years on an average; in other places they may be so 
rare as to be classed as “Acts of God.’' 

A comprehensive definition of “Act of God” is found in the case of 
U. S. vs. Kamos, etc., Ry. Co., 189 Fed. 471, 477, as follows: 
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An inevitable accident which could not have been foreseen and prevented 
by the exercise of that degree of diligence which reasonable men would 
exercise under like conditions and without any fault attnbutable to the 
party sought to be held responsible, 

Table 88 —Some Phenombnal Rainfalls in the United States 



Intensity of precipitation m inches per hour 



0) 

0) 

00 

iH 

Duration, minutes ^ 

o 

•a" 

S 

0) 

rH 

CD 

O 

Detroit 

Aug 24, 1920 

CD 

^ S 

6 

i| 

M < 

in 

10, 1023 

S 

a> 

sS 

h- 

04 

0) 

i CD 

g rH 

'll Jb 
O '”1 

o 

0) 

iH 

I'P 


^ bO 

s ^ 

W 

“1 

“S bO 
"o 2 
< 


1 

S Cl 

Z H 

gl 

10 

e 30 

6 70 

7 14 

8 40 

0 72 

0 00 

0 18 



16 

6 77 

6 50 

7 04 

7 44 

6 00 

6 70 

0 16 

6 50 


20 

4 02 

6 22 

0 64 

0 34 

0 46 

6.62 

8.04 


6.70 

30 

3 63 

4 30 

6 70 

4 88 

0 14 

4 60 

7 30 

4 68 

6 04 

46 

2 60 


4 30 

3 40 

6 40 

3 67 

6 36 

4 00 

6 30 

eo 

. 2 02 

3 42 

3 68 

3 00 

4 74 

3 27 

4 27 

3 30 

4 01 

120 




1 03 



2 41 

2 64 

3 14 

ISO 




1 37 




2 13 


240 




1 11 




1 84 


300 




0.00 




1 58 


480 







, , 

1.00 



DISTRIBTTTION OF INTENSE RAINFALL 

The preceding discussion of intense precipitation and of time-intensity 
relations has been based upon the records of individual gages; that is, 
upon the rainfall at a definite pomt in each case considered. Where two 
or more gages have been placed a mile or more apart, it has been 
observed that, with intense storms, there is considerable difference in the 
rate and amount of rainfall recorded by adjacent gages. The area on 
which rain falls at a high rate for periods of an hour or less is compara¬ 
tively small. In the drainage of large areas, there is possibility of con¬ 
siderable error m assuming the intensity of rainfall to be uniform and 
equal to that indicated by the time intensity curve for the locality under 
consideration 

Very httle detailed information upon the distribution of intense rain¬ 
fall is to be had. Few localities are even yet provided with an adequate 
number of recordmg rain gages so located as to show the travel of and 
area covered by storms. The eight recording gages m New York City 
are located on an area 29 miles long and miles wide; the three in 
Washington are m a line approximately parallel to the Potomac River; 
the seven in St Louis are in an area about 6% miles long by 1% miles 
wide. 

In the Boston Metropohtan District there are 13 recordmg rain gages 
within 10 miles of the State House, so located as to cover fairly well an 
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area of about 12 by 18 miles. Records of these gages during the years 
1918 to 1922 have been compared and studied by Frank A. Marston,* 
who also made similar comparison of the records of one storm (m 1920) 
at New Orleans when all of the six gages mamtained there were in opera¬ 
tion, the data being furmshed by George G. Earl, General Superintend¬ 
ent, Sewerage and Water Board The records of a phenomenal storm 
at Cambridge, Ohio, in 1914, given in Meyer’s “Hydrology,” also were 
studied 

The data given indicate that, in a general way, the average intensity 
of precipitation, within the limits usually met m design, over an area of 
1,000 acres is about 91 per cent of the maximum; and over an area of 
6,000 acres, the average is about S3 per cent of the maximum. Approxi¬ 
mate ratios of average intensity to maximum mtensity for several 
periods of duration and various areas, as determined for Boston and 
New Orleans storms, are given m Table 89. 

Table 89 — Ratios op Average Intbnbitt op Precipitation over 
Various Areas to Maximum within the Area, Percentage 
Based upon storms at Boston, Mass , and New Orleans, La 


Area, 

Duration, 

Duration, 

Duration, 

Duration, 

acres 

15 min 

30 nun 

46 Tmn 

60 min. 

0 

100 

100 

100 

100 

600 

91 

94 

96 

97 

1,000 

87 

91 

93 

95 

1,600 

84 

89 

* 91 

93 

2,000 

81 

87 

90 

92 

3,000 

77 

83 

87 

89 

4,000 

73 

80 

86 

88 

6,000 

69 

77 

83 

86 


There is some justification for the belief that, irrespective of locality, 
downpours of equal duration and having the same maximum mtensity 
of precipitation at the eye or focus of the storm will cover corresponding 
areas with about the same average intensity. If this proves to be true, 
data from storms occurring in New Orleans, or other places where 
precipitation of high mtensity is of frequent occurrence, can be used 
to supplement data from other parts of the country, such as those 
from Boston, thereby adding greatly to the value of such records. 

I Trana, Am. Soo. C B , 1024, B7, 536. 



CHAPTER VIII 


STORM-WATER RUNOFF 


Few problems have afforded the sewer designer more iiiisgivingH than 
the determuiation of the quantity of storm water for wliicli Lstorm drams 
or combmed sewers should be provided. The chief reason for tins lies in 
the fact that the problem is mdetermmate, and that tlio information 
which may be available and the formulas which may be used only servo 
to aid his judgment, upon the soundness of which the correctnoss of the 
final solution largely depends. In fact, it is a difficult task to say when 
the solution of such a problem is correct within the usual moaning of the 
term, because no two engineers actmg independently would bo likely to 
reach the same conclusions as to the economic period in the futuro upon 
which to base the design of the system, the ultimate dovoloimiont and 
improvement of the district withm this economic period, the rate of rain¬ 
fall for which the commumty can reasonably be expected to jirovido 
drainage, and the rate at which the storm water will roach the Howor.s, all 
considerationa vitaUy affectmg the sizes of the drains or sewers being 
designed. 

The earliest attempts to solve this problem were baaed ujinn obaerva- 
tiona or estimates of floV in existmg streams, gutters, and drains. 
Formulas of an empirical character were derived from aucli atudioa, 
which are quoted and described m this chapter. Finally, the attention 
of engineers has been focused upon the fact that the runoff is directly 
dependent upon the rate of rainfall and the rapidity with which tho 
water wiH reach the_ drama. This is a long step in advance; but tho 
problem is still quite indeterminate and requires for its economic solution 
sound judgment aided by experience and by all the Information which 
can be obtamed. 


ondiiions Affecting Rate of Runoff.—The volume of storm water to 
be cared for by a sewer or drain depends upon the intensity and duration 
of the rau^ and the character, slope, and area of the surface upon which 
It falls. Of the water fallmg hpon the surface, a portion is lost by 
evaporatio^atiU another is required to fill the depressions of the surface; 
another po^on sinks mto the earth, where it is either rotaiiiod by capil¬ 
lary attraction or percolates slowly through the earth to reinforce tho 
^und water and to reappear at some lower point in springs or 
streams; another portion is absorbed by vegetation; while tho remahider 
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flows off over the surface until collected in natural or artificial channels. 
This last portion is the one with which the problem of storm dramage is 
concerned. 

The proportion of the total rainfall which will flow off from any given 
area varies with the duration and intensity of the rain, with the degree 
of saturation of tlie earth before the storm, and with the condition of the 
surface of the ground, whether open or frozen or covered with snow or 
ice. It will also change from tune to time for the same area as the 
character of ^le surface is artificially modified by the construction of 
streets, pavements, and buildings i 

Assummg a rainfall of uniform intensity both as regards area and 
duration, it is evident that the runoff from any given district will be 
greatest when all parts of the district are contributing to the pomt under 
observation. To establish this oondition requires a lapse of time, not 
only to allow the water flowing from the most distant part of the area to 
reach the outlet, but also to fiU depressions and saturate the surface 
soil. For ordinary drainage districts which have relatively short 
periods of concentration and are not more than about 200 acres m extent, 
the assumption of umfoim mtensity and distnbution of rainfall is sub¬ 
stantially correct, therefore, the maxunum runoff is to be expected from 
a rainfall of maximum uniform intensity lastmg at least as long as the 
period of tune required to allow the water from the farthest point of the 
drainage area to reach the outlet. For large districts with relatively 
long periods of concentration, the maximum flow during many storms 
occurs when some portions of the districts are contributing water at 
much smaller rates than other portions, because of the wide fluctuations 
in the intensity during the storm and upon different portions of the 
districts. 

“RATIONAL METHOD" OF ESTIMATING STORM-WATER FLOW 

At the present time the so-called rational method of estimating the 
quantity of runoff is commonly employed in the design of storm drains 
and combmed sewers 

The rational method recognizes as axiomatic the direc t relat ion 
between the rainfall and the runoff, as shown by the formula^ = ciA, | 
in which c = a coeflflcient representing the ratio of runoff to rainlail^ “ 
generally called the runoff coeflflcient; i = the mtensity of r ainfall in 
cubic feet per second per acre (or nearly enough, the rate of rainfall in 
mches per hour ); A = the drainage area in acres. 

In a computation by this method, the area A is definitely determined 
by measurement. It is also necessary to determine, first, the time of 
concentration, which is the length of time required to establish runoff 
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and for the water to flow from the most distant point of the district to 
the inlet, and thence through the drains to the point of observation; 
second, the greatest intensity of rainfall corresponding to this period of 
time, or, at least, the greatest mtensity for which provision should be 
made in the design of the drains, and third, the runoff coefiScient, which 
depends mainly upon the character of the soil, slope and character of the 
surface. 

Time of Concentration.—^As defined above, the time of concentration 
is the period of time required to estabhsh runoff and for tlife water to flow 
from the most distant point (measured in time) to the point under 
consideration. It is made up of two parts, the inlet time and the time 
of flow m the drains. Inlet time is discussed m the following section. 
The time of flow in the drains is readily obtained by a simple hydraulic 
computation if the conditions, quantity of water, size, and slope of 
sewers, are known. 

It is important to distinguish the minimum time of concentration 
from what may be called the actual time of concentration. The former 
corresponds to the c onditi on for which sewers should be designed; oon- 
duits substantially fuU, velocity al a maximum, and conditions of surface 
such that runoj^rbm roofs and streets and flow in^ gutters be at 
maximum rates. Under tlmse conditions, the time of concentration will 
be a mirn'miim and the correspon^nigTate of precipitation wiU be a maxi¬ 
mum. The conditions are, therefore, the most senous to which the 
drain may be subjected. The minimum time of concentration is a 
constant for a given sewer distnct m a particular state of development. 

On the other hand, the actual time of concentration represents the 
time required for the concentration of the waters of a particular storm, 
under the conditions existing at the moment If the stonn is of moder¬ 
ate intensity, the dram may be but partly filled and the velocity of flow 
may, therefore, be considerably less than the maximum. Moreover, 
unless rain has previously been falhng for some time, the filling of depres¬ 
sions and the accumulation of sufScient head to cause flow over rough or 
nearly flat surfaces wiU require an appreciable amount of time. The 
actual time of concentration will, therefore, exceed the minimum in all 
cases except those for which the draiu was designed. 

In problems of sewer design, the engineer is concerned only with the 
miTiiTniim time of concentration; but when gagings of storm-water flow 
are made, it is important to recognize that the conditions are reversed, 
and the flow must be compared with the precipitation causing it, which 
may have fallen in a time quite different from the computed time of 
concentration. 

It is customary to estimate the time of concentration at any point by 
the cumulative addition of the inlet time and the computed time of flow 
in the several sections tributary at that pomt. 
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Time Required for Water to Reach the Drains (Inlet Time).—The 
time required to wet the surface, fill depressions and establish runoff 
and for the water to flow over the surface to the inlet and thence to the 
drain from those portions most distant from the inlet, is the inlet time 
commonly used in the design of drams by the so-called rational method 
It must either be estimated from the available information or deter¬ 
mined by observation. It wiU be larger for flat than for steep surface 
slopes, with deep buildmg lots than with shallow ones and with irregular 
highly pervious surfaces than with smooth impervious surfaces. The 
spacing of inlets will also influence the inlet tune. It will seldom be less 
than 3 or more than 20 mm In the case of small districts, or fairly large 
districts with steep slopes, this tune is frequently the most important 
element in determining the quantity of water for which to provide 
The inlet time as defined above should not be confused with the time of 
flow to the drain after the condition of runoff has been established 
The inlet time ordinarily wiU be several minutes greater than the time 
of flow to the drain. The tune of flow to the drain should be used in 
computing the actual tune of concentration when apphed to a period of 
rainfall following soon after a rainfall suflScient m amount and intensity 
to have estabhshed a condition of runoff. W. W. Horner states^ that 
he has reached the conclusion, based upon observations, that the water 
from the streets, sidewalks and roofs will reach the sewer m from 2 to 5 
mm., with street grades of from to 6 per cent (improved streets), but 
that the velocity over grass plots is very low and even in heavy rains 
from 10 to 20 min will be requued for the water to flow 100 ft. 

Charles E Gregory,* in his discussion of Grunsky’s paper upon “The 
Sewer System of San Francisco,” has computed theoretically the rate of 
runoff m a gutter 1,000 ft. long, havmg a slope of 0.0025, draining an 
impervious street surface 24 ft. wide, when there is a uniform rainfall at 
the rate of 4 in. per hour, and finds that this rate of precipitation would 
have to continue for 42 min. before the rate of discharge would equal the 
rate of precipitation, and that 25 min. would elapse before the rate of 
runoff equalled half the rate of precipitation. His conclusion is tliat for 
many roofs and a few street surfaces, where the storm-water inlets are 
moderately closely spaced, the common assumption of 5 min. as the time 
required for the storm water to reach the sewer at maximum rate may 
be true, but in most cases this time is materially greater and that it 
varies widely under different circumstances. 

In view of the scarcity of definite information relating to individual 
sewer districts, the following mformation relating to the runoff from an 
area of 0 056 acre m a small city in Arkansas where the soil was heavy 

1 Bno News, 1910, 6«, 326 

® Trans A.m 3og C E i 1009 i 65, 303t 
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fl/nH sun-baked, but without any paved or roof surfaces, is significant. 
This information was presented by James H. Fuertos.^ He says. 

Several years ago the opportumty was presented of moasuring the run¬ 
off from a Hmnn tract of ground m a southern city. Although the obser¬ 
vations were made with hastily improvised apparatus and the tract of ground 
was quite small, the writer offers it with suitable apologies for its inoagor- 
ness, because of the scarcity of published records of such information for 
either large or mnan tracts The tract of ground sloped quite uniformly in 
two directions toward one comer, the fall of the surface being about 5 ft. 
in 100 ft Along one side a ditch was cut, into which tho water drained 
from the whole area. At the end of the ditch a small weir was arranged, 
the depth of the water flowmg over the weir was measured with a tliiii 
ivory scale at as frequent mtervaJs as thp observations could bo roconled, 
varymg from 1 mm. to about 3 mm. The ram depths wore similarly 
measured, though at less frequent intervals The total depth of rain tlmt 
fell upon the tract, in the particular storm m question, was 1.3 in. whicli foil 
in 37 mm. The TnaTirnmn rate of ramfall was 6 m per hour, which coii- 
tinued about 5 min. and was reached 11 min. after the beginning of tho 
storm. 

At the be ginning of the storm the ground was very hard and dry. Tlio 
tract was a heavy, clayey soil, covered with a short and rather tlini growth 
of grass. From the data obtamed, it was deduced that 29 per cent of tlii^ 
total ramfall on the tract passed over the measunng wcir; tliat tlic avt'nigo 
velocity of the water m the ditch was about 4 ft per second; and that the 
average velocity of the water flowing over tho surface of tho ground to the 
ditch was about 0 1 ft. per second 

The diagram accompanying this discussion shows that rain began at 
6.40 and runoff at the gaging pomt at 6 47; maximum rainfall rate began 
at 6.51 and maximum rate of runoff was attained at 6.59; from which it 
may be deduced that the tune of concentration for this area was at least 
8 mm. 

The ram continued at the maximum rate of 6.0 in. per hour for but 5 
mm. The average rate of precipitation for the 8 imn. of grontost rain¬ 
fall was about 5 3m per hour, and the maximum run-off was 7 2 cu. ft. 
per mmute, eqmvalent to 2 18 cu. ft per second per acre, or 41 por ciont 
of the ramfall rate for 8 mm. The runoff factor was theroforo 0.41. 

Intensity of R ainfall .—The development of timo-mtenHity-frequoncy 
curves of ramfall has been discussed in the preceding chajitor. The 
considerations upon which to base the decision of the froquoncy curve 
to be used in design will be presented m the following chapter. Having 
adopte d a r ainfall curve, the rate of precipitation correspoiuling to the 
tune^ concentration is taEen*directIy frbmThe^^rve ' ■ - --- , 

*TEe rate or mtensity df^ainfall is used as though the precipitation 
occurred at a uniform rate throughout the period of concentration. As 

1 Jour Weat. 3oc, Eng , 1800, i, 170 
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a matter of fact, except for short periods of time, this is rarely the case 
Sometunes an intense downpour is followed by a period of rain at 
gradually decreasing rates; sometimes the reverse is the case and the 
downpour comes at the end of the period; but more frequently the 
heavy rains of longer duration consist of alternate periods of intense 
and moderate precipitation. 

If the ram falls at a uniform rate throughout the period, then, neglect¬ 
ing differences in runoff coefficient, the maximum runoff will occur at 
the end of the period, when rain which has just fallen on the area nearest 
the point of concentration is combining with that which fell upon the 
most distant points at the beginning of the period. The district may be 
considered as divided into zones from each of which the storm water will 
flow to the outlet in a uniform time, as 5, 10, or 15 mm. If the precipi¬ 
tation occurs at varying rates which are uniform and of like duration 
over the entire area, then the outflow at the end of the period will be the 
result of the combination of water flowing at differing rates from the 
several zones, and if all the zones were of equal area (still neglectmg 
differences of runoff coefficient between zones) the rate of runoff would 
still be the same as if the ram fell nt a uniform rate over the entire area, 
equal to the average rate of precipitation for the time considered. Vara- 
tion m the areas of zones, combmed with variations in the intensity of 
rainfall, may result in a considerable difference m runoff from that 
resulting from a ram of uniform mtensity throughout. 

Runoff CoeflBcient.—The coefficient of runoff is difficult of exact deter¬ 
mination, even for existing conditions, and is subject to great modifica¬ 
tion by artificial alterations in the condition of the surface, such as 
changes in the degree of development of the built-up district and in the 
proportion of the area covered by paved streets. It is, therefore, neces¬ 
sary in designing sewers to estimate .the conditions i^icE are likely to 
obtam a reasonable time m the future, unless the district under considera¬ 
tion has already reached such a degree of development that no further 
changes are probable. 

The runoff coefficient depends upon a large number of elements and is 
not constant for a given ai'ea, even dunng a single storm. It was for¬ 
merly considered that this factor represented strictly the actual percentage 
of impervious surface in the district under consideration, and that if the 
entire surface were covered with impervious matenals, such as roofs and 
asphalt pavements, the factor would be 1.00. It is now recogmzed, how¬ 
ever, that the factor is seldom unity, even for an absolutely impervious 
surface Some evaporation alwa3ra takes place, even dunng the progress 
of a rain storm, and small quantities of water are required for wettmg 
impervious surfaces. Irregularities of the surface also tend to hold back 
some of the water and prevent its running off as rapidly as it falls. 
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In this connection, it may aid the engineer in forming a conception of 
the problem of runoff to consider the quantity of water actually falling 
in several periods of time, as given in Table 90 computed from the curve, 
i = 15A"-®. 


Tablb 90.— Quantity op Rain Falling in the Spbcipibd Periods op 
Time at the Rates Indicated by Curve of Intensities, i = 16// ® ‘ 


, minutes 

Rato of precipitation, 
inches per hour 

Accumulated depth of 
precipitation, mches 

6 

6 71 

0 66 

10 

4.76 

0 79 

16 

3.88 

0 97 

20 

3 36 

1 12 

30 

2 75 

1 38 

46 

2 24 

1 68 

60 

1 94 

1 94 

90 

1.68 

2 37 

120 

1 37 

2 74 


Note that these periods of time are not necessarily measured from 
the begmning of a storm, or even from the beginning of the downpour. 
Prof. A. J. Henryk of the U. S. Weather Bureau gives a table showing the 
percentage of cases of downpour in Washmgton, Savannah, and St 
Louis, in which the maximum rate of precipitation occurred at vanous 
periods after the beginning of the storm. This information is given in 
Table 91. 

The runoff factor gradually increases’ for some time after the begin¬ 
ning of a ram until the soil has been thoroughly saturated and until 
impervious surfaces have been thoroughly wetted and the depressions 
filled After that time the coefficient remains substantially constant 
for a given area It therefore makes considerable difference in the 
amoimt of runoff whether the critical precipitation comes near the 
beginning of a storm or after rain has been fallmg for some time. 

It is also possible, as previously stated, that if an excessive rain comes 
at a time when there is snow or ice upon the ground, the coefficient may 
be greater than unity, although this condition is so unlikely as applied 
to sewer design that it may ordinarily be left out of consideration. 

The coefficient of runoff is really the product of four factors, which 
may be called the coefficients of imperviousness, of distribution of rain¬ 
fall, of retention, and of retardation. 

1 " RaiofaU of the United States,” Bull. D, U. 6 Weather Bureau, also. Jour West. Sob 
Eng , ISOO, 4 , 165. 
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In practice, it is seldom necessary to estimate these factors separately, 
except the coefficient of impervioiisness; but it is important for the 
engineer to bear in mmd the composite nature of the coefficient of 
runoff, and to give due consideration to the conditions affecting its 
several parts. 


Table 91 — Percentage of Cases in Which the Maximum Intbnsitt 
OP Precipitation Occurred within Various Periods from the 
Beginning of the Storm 


Mmutes after 
beginnmg of 

Per cent of cases m 

which maximum mtensity occurred 
withm penod at 

storm 

Washington 

Savannah 

St Louis 

6 

17 

10 

31 

10 

38 

31 

61 

16 

59 

52 

69 

20 

64 

65 

74 

25 

72 

72 

76 

30 

81 

82 

78 

36 

86 

87 

80 

40 

91 

88 

88 

46 

93 

92 

93 

60 

94 

97 

98 

60 

100 

100 

100 


Coefficient of Imperviousness.—The determination of the proportion 
of the tributary area which may be assumed to be impervious is based, in 
part, upon an estimate of the proportion of the surface which will be 
covered by pavements, roofs, and other impervious substances, and in 
part upon an estimate of the relative imperviousness of the soil which is 
not so covered Later these two estimates are combined, thus forming 
one assumed average coefficient of imperviousness for the area. 

As sewers are designed to adequately serve 'the district some years 
after they have been constructed, it is necessary to estimate the extent 
flud character of the development which will take place m the meantime. 
It is evident, therefore, that the determination of net imperviousness is 
largely dependent upon judgment aided by actual measurement of areas 
of roofs and pavements m districts which may be considered typical of 
the district under consideration at the end of the period for which the 
proposed sewer is to be designed. Data from a few such measurements 
are given in Table 92. 
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Coefficient of Distribution of Rainfall.—Data upon the distribution of 
rainfall over a drainage area are few and inconclusive. Marston’s 
studies, referred to in the preceding chapter, indicate that for the smaller 
drainage areas this coefficient is very nearly umty. The indications are 
that for areas of 1,000 acres this factor may be about 0.96, for 2,500 acres, 
0.90, and for 6,000 acres, 0.85, for durations of about 00 min. 

Coefficient of Retention.—This coefficient takes account of the water 
required to wet the surfaces; evaporation during a storm; water held 
back m depressions and irregularities of the surface, and by vegetation, 
etc , and water absorbed by porous earth, which, therefore, does not find 
its way into the sewers. All of these influences have vastly more effect 
at the beginning of a storm than after ram has been falhng for some time, 
and also vary with climatic conditions, so that the value of this coeffi¬ 
cient is far from constant, even for a single dramage area Furthermore, 
in growing cities the extent of the areas covered by roofs and impervious 
pavements is continually increasing, with a corresponding diminution of 
more or less pervious areas, and pavements and roofs are being made 
smoother and less absorbent. For this reason, present values of the 
coefficient are of service only for comparative purposes. 

Coefficient of Retardation.—If the duration of the storm causing flood 
conditions is less than the time required for water to flow from the most 
distant pomt on the drainage area to the point for which computations 
or gagings are made, then the maximum discharge wiU come when less 
than the whole drainage area is contributmg water The ratio of the 
area so contributing to the total drainage area is called the coefficient 
of retardation 

Obviously, if the precipitation continues at a uniform rate for an 
indefinite time, tlie greatest discharge will occur when all pai’ts of the 
drainage area are contributing water, and at an interval after beginning 
of the downpour equal to the time required for water to flow from the 
most distant point (measured in time of flow) to the point under con¬ 
sideration. If the downpour lasts but a short time, and particularly if 
the dramage aiea is u-regular m shape, it is possible that the maximum 
discharge may occur when but a portion of the area is contributing water. 
This portion will be the largest area within the dramage area and between 
two “contours” (lines of equal “time-distance” or equal time of flow 
from the pomt under consideration) whose distance apart, measured in 
time, is equal to the duration of the downpour. If this time should equal 
the time of concentration for the entire area, the ratio would be unity 
and there would be no retardation 

In problems of design, it is beheved that (except, perhaps, m the case 
of very large drainage areas) the maximum discharge would result from 
a ram lasting for a sufficient period so that the entire area would con¬ 
tribute water—^in other words, for a period equal to the time of eon- 
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centration—and accordingly retardation should not bo consid(!red in 
such work Smce i vanes mversely as (and roughly as A “ for I'octiin- 
gular tracts), Q is a maxnnum when it is a maximum This would hold 
true for coefficients of distribution of rainfall near unity. I'or largo 
areas, this coefficient decreases till the relationship no longer holds and 
maxunum flow may occur with only a part of tho area contributing 
runoff from excessive mtensities of rainfall lasting for pei'iods loss than 
the tune of concentration for the entire area 

While Amencan engmeers have generally noglectod retardation in 
design, it should not be lost sight of in studying gagings of flow in 
sewers In other words, unless it is certain that the downpour Iia.M lasti^d 
for a period equal to or exceeding the time of concentration, it tnust bo 
remembered that all parts of the drainage area may not have boon 
contnbutmg water to the maximum discharge, and the area which was 
actually contributing must be determined m order to find tho true 
runoff factor 

In making this allowance for retardation, the effect of the travel of 
the storm should not be lost sight of Information on this jioint is 
usually not to be had, but would be required for a complete and accurate 
solution of the problem. 

It must not be forgotten that the time of concentration for a given 
drainage area is not a constant and will be greater in light Htorins, when 
the sewers are but partly filled, than in heavy storms, when maximum 
velocities are attained This condition, like tho “coefficient of retarda¬ 
tion,” IB of major importance only m stud}’mg gagings and comparing 
them with the storms producing the runoff, since in sewer design allow¬ 
ance must be made for maximum conditions. 

Effect of Storage in Sewers and upon Streets and Other Surfaces.— 
Still another element of retardation is found m tho necessity of filling 
the sewer, gutters, and others channels to a sufliciont depth and also to 
accumulate sufficient head to carry away the water entering tho drains. 
Thus it will be seen that a certain portion of the precipitation which is 
really runnmg off is temporarily stored or retarded and tho rate of flow 
m the sewers is somewhat less than it would bo if all the water could bo 
conveyed away as rapidly as it is received 

Grunsky^ has discussed this problem at length, and, making certain 
assumptions, has elaborated the rational method of designing storm¬ 
water drams with allowance for the storage capacity of tho conduits 
themselves. His analysis indicates that, for any given period of con¬ 
centration, somethmg like one-half the total Quantity of water which will 
ultimately run off is temporarily stored or in transit at tho end of tho 
period. As a rule, it is better m designing sewers to take no account of 
this storage capacity, leavmg it as an additional factor of safety. Tho 

> JVan* Am. ^oe. Q. E, 1909, 6S, 294, 
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effect of such storage must, however, be borne in mind when studying 
gagmgs of storm-water flow and comparmg them with precipitation 
records, although when a condition of unifoim flow has been estabhshed, 
which will be the case when water is flowing off as fast as it enters the 
drains (at the end of the period of concentration), storage is not being 
changed and comparison of runoff and precipitation can be made directly 

The Swedish engmeer, W. von Greyerz, has suggested that in some 
oases it may be economical to hmit the size and reduce the number of 
storm-water mlets, thus forcmg the water to flow in gutters for long 
distances and causing the gutters to serve as retarding basins. Obvi¬ 
ously, the time of concentration would be materially lengthened if such 
a policy were adopted, and the size of drains required would be somewhat 
reduced. In general, ponding in gutters is not looked upon with favor, 
but under certam circumstances it may be justifiable or even advanta¬ 
geous. This is more likely to be the case in flat outlying districts than 
elsewhere. On steep slopes the possible pondage would be small, and 
the effect of keeping the storm water in the gutters would be felt in 
surface flooding at the foot of the slope. 

Values Ordinarily Assumed for Runoff Factor.—In computing from 
observations of rainfall and runoff, the runoff coefficients for the various 
kmds of surface that are found in a given urban territory, much care 
must be exercised in the selection of the data Ordinarily, the rainfall 
is neither uniform m intensity nor uniformly distributed over the dis¬ 
trict; m some cases, the discharge is estimated from madequate data, 
and m others the areas of the several classes of surface are not deter¬ 
mined with much accuracy As a rule, also, the time of concentration 
corresponding to the conditions existmg at the time of gagmg has not 
been determmed, so the intensity of precipitation with winch the runoff 
should be compared is not known It is, therefore, not surprismg to 
find wide differences in the results obtained by different observers with 
respect to the coefficients of the several classes of surface. The range 
of such variation reported in textbooks and papers on the subject is 
exhibited in Table 93 
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Table 93.—Range in Ebtuiateb of Runope prom Different Classeb 
OP Surface in Proportion to the Rainfall Intensity 
From Bryant and Kuichling’a Report on the Adequacy of the Present Sewer¬ 
age System of the Back Bay District of Boston, etc , 1909 


For watertight roof surfaces 

For asphalt pavements in good order 

For stone, bnck, and wooden block pavements with tightly 
cemented jomts . 

Fjr same with open or uncemented joints 
For mfenor block pavements with open joints 
For macadamised roadways . 

For gravel roadways and walks 
For unpaved surfaces, railroad yards, and vacant lots 
For parks, gardens, lawns, and meadows, depending on 
surface slope and character of subsoil 


0 70 to 0 96 
0 86 to 0 90 

0 76 to 0 86 
0 60 to 0 70 
0 40 to 0 50 
0 26 to 0 60 
0 15 to 0 30 
0 10 to 0 30 

0 05 to 0 25 


Other authorities do not attempt to make close estimates for the 
different kinds of surface m an urban district, but content themselves 
with average values of the proportional runoff, as follows. 


For the most densely built-up portions of the district. 
For the adjoinmg well built-up portions 
For the residential portions with detached houses 
For the suburban portions, with few buildings 


0 70 to 0 90 
0 60 to 0 70 
0 26 to 0 60 
0 10 to 0 25 


According to Fnihling, the values of this coefficient (assuming the 
surface already wetted by a previous rain) are about as follows 


For metal, glazed tile, and slate roofs . 0 96 

For ordinary tile and roofing papers 0 90 

For asphalt and other smooth and dense pavements ... 0 85-0.90 

For closely jomted wood or stone-block pavements . ... 0 80-0 86 

For block pavements with wide jomts ... . 0.60-0 70 

For cobblestone pavements . . . ... 04-06 

For macadam roadways. . 0 26-0 46 

For gravel roadways. . . . .0 16-0 30 

and for large areas there may be assumed: 

For the densely built center of the city ... . 07-0.9 

For densely built residence districts . . 0 6-07 

For residence districts, not densely built . 0 26-0.6 

For parks and open spaces . . . .0.1-03 

For lawns, gardens, meadows, add* cultivated areas, var 3 ang 
with slope and character of soil . 0 06-0 26 

For wooded areas. . . 0 01-0 20 


Dr. Karl Imhoff^ gives for ordinary German conditions the “general 
assumptions relating to quantity of sewage” reproduced m Table 94. 

1 "ToBclienbuoh der StadtentwflBBerang," 1925. 
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Table 94 — Quantity op Sewage and Bunopp in German Cities 


Quantity Storm water 


Class 

Conditions 

Popular 
tion, per 

of house 
sewage,^ 

Coeffi¬ 

Rate of run¬ 


acre 

cubic feet 

cient of 
runoff 

off,® cubic 



per second 

feet per sec¬ 




per acre 

ond per acre 

I 

Very thickly built up 

141 

0 0110 

0 80 

2 27 

II 

Closely built up 

101 

0 0083 

0 00 

1 70 

III 

Well built up 

01 

0 0060 

0 25 

0 71 

IV 

Suburban 

40 

0 0033 

0 16 

0 43 

V 

Unsettled 

0 

0 0 

0 06 

0 14 


> Basod upon 100 liters per hand per day, flowing ofF in 12 hours 

1 Based upon a precipitation of 200 liters per second per bcctaro, equivalent to 2 84 la 
per hour, for 15-iiiln duration ond lO-yoor frequency 


Variation in Coefficient of Runoff with Duration of Rain.—The 
increase in runoff coefficient with the duration of the rainfall has long 
been recognized. Emil Kuiclilmg reached such a conclusion in his 
paper on “The Relation between the Rainfall and the Discharge of 
Sewers in Populous Districts Charles E. Gregory in “Rainfall and 
Runoff m Storm-water Sewers”® derived a formula from his studies of 
some measurements by Henng of the runoff from a certam distnct m 
New York City and from pubhshed records of discharge measurements 
for storm-water sewers, for the relation between the runoff coefficient 
and the duration of the rainfall for impervious surfaces. This formula 
was expressed by c = 0 175t^ where c is the runoff coefficient and t is 
the duration in minutes. The corresponding values of c for totally 
impervious surfaces for various times would then be 

t . 3 6 10 16 20 30 45 00 90 120 180 180 

c. 0 26 0 30 0 38 0 43 0 48 0 56 0 02 0 08 0 79 0 80 0 99 1 00 


W. W Horner® suggested values for the runoff coefficients for different 
durations for both impei'vious and pervious surfaces based upon gagings 
of the flow from small areas in St, Louis 
H. G McGee* published a general formula by W. C. Hoad for the 

coefficient of runoff, c = 

1 Trans. Am Soc C E , 1889, 20, 1 

* Trans Am Soo C E , 1007, ®8, 468 
3 Eno News, 1010, 64 , 320 

* Eno Nows-Rocord, 1010 , 83, 808 
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Tliree specific formulas also are given as follows' 
For impervious surfaces 

For improved pervious surfaces. 

For sandy, very pervious surfaces 


8 + t 
0.5t 

^ 16-{-£ 
0.^ 
^ 20 + t 


The above runoff coefficients are shown graphically in Fig. 84, together 
with some coefficients used by the authors m designing storm-water 
drains. For the “zone principle” employed m computing some of the 
Coefficients, see the followmg section. 
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Fig. 84.—Runoff ooeflaoiente for vanouB conditions and durations. 

B^ic coefficients of runoff must be chosen for the drainage aroa under 
consideration, either from the results of experience or by the use of a 
formula such as Gregory’s, due allowance being made for the character 
of the subsoil and the degree of development. In the following table 
are shoira runoff coefficients which were suggested by Horner for use in 
St Louis, as a result of his experience and some measurements of flow to 
inlets made under his direction in that city. 

The authors have used these or similar coefficients for several years 
combined according to the “zone principle,” and their experionce indi¬ 
cates that the above values are reasonably close for impervious surfaces, 
but that those for pervious surfaces are apphcable only whore the soil is 
dense, and for sandy soils the coefficiente for pervious surfaces should bo 
smaller than those given above. 

The basic coefficients are intended to apply to elementary areas whore 
the time of conc^tration is relatively short, approximating a time com¬ 
monly used as inlet time,” thus, the runoff coefficient for a totally 
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Table 96. —Assumed Percentages op Runoff (Horner) 


Duration t in 

Per cent runoff from 

minutes 

Impervious portion | 

Pervious portion 

10 

60 

20 

15 

70 

30 

20 

80 

35 

30 

85 

40 

60 

95 

60 

120 

05 

60 


impervious area having a time of concentration of, say, 30 min , would 
not be 0.86, because at the end of 30 min. that portion of the flow which 
comes from the most distant point (30 mm. distant) represents the first 
flow from a surface which had not been contributmg flow up to that 
time. The total discharge is made up of the summation of the dis¬ 
charges from the various zones in which the coefficients decrease pro¬ 
gressively from 0 85 to 0.50, as the distance from the outlet increases 
The actual composite factor or average runoff coefficient for any drainage 
area will, therefore, depend upon the relative sizes of the zones and the 
relative proportion of impervious and pervious areas m each zone, and 
these conditions may vary widely. 

Average Runoff Coeflfldent According to the “Zone Principle” (Time- 
contour Analysis).—If a drainage area be conceived as divided into 
zones by hnes (called time contours), each connecting the pomts from 
which water will flow to the outlet in an equal tune, then the water 
running off from any zone at any moment will be derived from a partic¬ 
ular part of the storm, while the runoff from the next zone will be 
derived from a correspondingly earlier or later portion of the storm. 

Obviously, the time contours are likely to be very irregular, being 
affected by irregularities of the surface, by surface slopes, by location 
of inlets, by elope and length of drains, and by other factors. For 
practical purposes, however, it is sufficient to consider the entire drain¬ 
age area as approximating a regular geometrical figure—square, rec¬ 
tangle, triangle, or sector—and the zones as areas of equal width between 
arcs of circles having a center at the outlet. A drainage area having 
uniform velocities of flow over the surface and m the drains would have 
the lowest runoff coefficient, provided it approximated the shape of 
a sector of a circle with the outlet at the center; and a tnangular 
area with the outlet at the shortest side would have the highest runoff 
coefficient, the reason being that, in the case of the sector, the greater 
proportion of the area is farthest from the outlet, while, in the case of the 
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triangle, the largest zone is nearest the outlet. A square with the outlet 
at the center of a side and a rectangle with the outlet in the contor of 
the short side,would have average coefficients intermediate between 
those of the sector and the triangle 

Figure 86 shows the relation between percentage of total area contrib- 
utmg to the flow at the outlet, and the percentage of the elapsed time 



(of the total tune reqmred for the entire area to contribute to the flow), 
for equal areas of the shapes and proportions shown, on the assumption 
of uniform velocities of flow from all portions to the outlet. 

Areas with varying velocities of flow, whatever their actual shape, 
may resemble m runoff coefficients any of the above geometric figures 
depending upon the relative times of flow from the different portions to 
the outlet An mspection of the areas will usually indicate the effective 
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shapes, and applicable runoff coefficients may be chosen by the exercise 
of judgment. The majority of dramage districts served by artificial 
drains will be found to approximate rectangles m effective shape 
Grunsky’s studies of the effect of storage of water m transit were based 
upon a division of the drainage area into zones. 

That high rates of rainfall are rarely umform for considerable dura¬ 
tions IS shown by records from recording ram gages The effect of retar¬ 
dation—storage in gutters, on surfaces, and in drains—^is however, and 
the fact that flood waves tend to spread out while traveling along the 
drains, to equahze the flow somewhat so that the resulting runoff is not 
as irregular as the rate of precipitation. For many urban drainage areas 
where the time of flow to the outlet does not exceed say 45 mm, the 
assumption of a uniform rate of ramfaQ for the period of concentration 
will give results that approximate the actual conditions at least as closely 
as the future character of and runoff coefficient for the district can be 
determmed Furthermore, it is usually impracticable to design for the 
maximum storm and maxiinum runoff conditions, because the cost of 
diiains so designed would be prohibitive. 

In the problem of designmg storm-water drams, there are several 
very important factors which al-e mcapable of exact determination and 
which must be fixed largely by judgment, givmg due weight to local 
conditions, especially to the present and future characteristics of the 
areas to be drained, the rainfall, and the financial aspects of the problem. 
Smce the assumption of a umform rate of rainfall greatly simphfies 
the labor of design, it is believed to be justified in most cases. 

The -zone or time-contour principle may be applied to varying rates of 
rainfall, to determme the average rate or the rates producing maximum 
discharge from a given area Such an apphcation was used by C N 
Ross in a paper^ read before the Brisbane Division of the Institution of 
Engmeers, Australia, June 17, 1921. A similar application of this 
principle was made by John A. Rousculp “ The characteristics of the 
area used m Rousculp's example are shown in Fig. 85. 

Starting with certam basic coefficients for elementary areas, such as 
those given in Table 95, the computation of the corresponding average 
coefficients of runoff according to the "zone principle” for any regular 
figure is simple. Details of such computations for a rectangular area 
having a length equal to four times the breadth and with outlet at the 
center of the short side are shown in Tables 96 and 97, applicable to 
impervious areas and pervious areas having clayey soil, respectively. 
Similar tables should be prepared for a sufficient number of regular areas 
to provide a suitable basis for comparison, from which the designer 
may select figures apphcable to the actual dramage areas. 

1 "The Calculation of Flood Diaohargee by the Ubb of a Time-contour Plan." 

*Eng Neaa-Record, 1027, 98, 270. 
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Having made a decision as to the form and proportions of the equiva¬ 
lent regular area to be used and adopted the corresponding average 
coefficients of runoff for pervious and impervious surfaces, these may be 
combined in the ratio of the corresponding areas to obtain a table hke 
Table 98. 

Table 98.— Rtjnopp Cobppioibnts por RncTANauLAR Areas in Which 
THE Length is Four Times the Breadth, Containing Various Per¬ 
centages OP Impervious Surpaces, Computed prom the Basic Cobppi- 
cients Given in Table 96, Combined According to the Zone Principle 

Duration, minutea, Por cent of impcrvioufl Burfaoea 

or time of concen¬ 
tration, 1 00 I 10 I 20 I 30 I 40 I 60 I 00 70 I 80 00 I 100 

10 0 140 0 180 0 220 0 200 0 309 0 360 0 300 0 430 0 470 0 610 0 660 

20 0 230 0 277 0 318 0 300 0 401 0 442 0 483 0 624 0 600 0 007 0 048 

30 0 287 0 320 0 372 0 414 0 467 0 400 0 641 0 684 0 026 0 000 0 711 

46 0 334 0 377 0 421 0 404 0 608 0 661 0 604 0 038 0 081 0 726 0 708 

00 0 371 0 415 0 458 0 602 0 640 0 600 0 033 0 077 0 721 0 704 0 808 

76 0 308 0 442 0 480 0 630 0 674 0 018 0 001 0 706 0 740 0 703 0 837 

00 0 422 0 400 0 600 0 062 0 690 0 030 0 0S2 0 720 0 700 0 813 0 866 

106 0 446 0 487 0 630 0 672 0 016 0 067 0 000 0 742 0 784 0 827 0 800 

120 0 403 0 606 0 640 0 088 0 020 0 071 0 713 0 764 0 700 0 837 0 870 

136 0 470 0 021 0 601 0 001 0 042 0 083 0 721 0 706 0 806 0 810 0 887 

160 0 406 0 636 0 674 0 614 0 064 0 004 0 733 0 773 0 813 0 862 0 802 

180 0 622 0 600 0 608 0.030 0 074 0 713 0 761 0 780 0 827 0 806 0 903 

EMPIRICAL METHODS FOR ESTIMATING STORM-WATER FLOW 

In the earlier plans for drains and channels to carry away the water of 
storms, engineers based their designs largely upon their observations of 
the volumes of water seen coming from known areas in times of storm 
and upon the sizes of natural gutters or water courses with which they 
were more or less familiar. Later, the tributary areas, which could be 
accurately measured, were introduced ns constants, and the estimates of 
runoff were based upon a given depth of precipitation over the whole 
district; but with further study it was learned that there is a gradual 
reduction in the immediate runoff per acre with an mcrease m the extent 
of the area and, accordingly, formulas were devised by which this fact* 
was talcen into account more or less empirically. Still more recently it 
has been recognized that differences in the rainfall, and especially in the 
intensity of the precipitation, have a direct influence upon the resulting 
storm-water flow, and other factors have been introduced into the for¬ 
mulas to take account of this and of the slope and dimensions of the 
drainage ai-ea. The result has been the gradual development of a num¬ 
ber of empirical fonnulas and diagrams, by which the greatest quantity 
of storm water to be discharged from any given drainage area could be 
estimated. 
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Empirical Formulas.—The beat known of these empirical formulas, 
reduced to a uniform notation, and with the introduction of a term 
expressing rate of rainfall (which was not originally used in all of tliem), 
are as follows: 


Hawksley (London, 1857): Q = Aci^{S/Ai), in which c = 0.7 and 
i = 1.0. 

BUrkh-Ziegler (Zurich, 1880): Q - Ad-^iS/A), in which c = 0.7 
to 0 9, and i = 1 to 3 

Adams (Brooklyn, 1880): Q - Aci-iy(S/AH% in which c = 1.036 
and i = 1. 

McMath (St. Louis, 1887): Q = Aci^{S/A), in which c = 0.76 and 
i = 2.76. 


Hering (New York, 1889) Q = ciA° ”, or 

Q = Aci-^{S^ «Vi4) = ciA° *“35“ ” 

in which d varies from 1.02 to 1.64. These two formulas give consider¬ 
ably different results 

Parmley (Cleveland, 1898) Q = Ad^S^ ^A), in which c is between 
0 and 1, and i — 4.^ 

Gregory (New York, 1907) Q = AdS° 4 in which d = 2.8 for 
impervious surfaces 

In these formulas S = average slope of the/surface of the ground, 
in feet per thousand. ' 


A comparison of these formulas is shown in Table 99, for slopes of 4, 
10, 60 and 250 ft. per 1,000 ft. It will be seen that a very wide range of 
results may be obtamed, depending upon the formula chosen. 

Of these, the Btirkli-Ziegler and McMath formulas are still used to 
some extent. The others are of historical interest only, except as they 
may be needed for reference m connection with sewers and drains built 
in earher times. Their derivation was discussed at some length in the 
first edition of this book. 

It should be remembered that a runoff equivalent to 1 in in depth in 1 
hour from an area of 1 acre equals 1.008 cu. ft. per second 

The Use of McMath’s Formula.—Of the foregoing formulas, that of 
McMath is probably most favorably known, and it has been widely 
used, often, no doubt, without careful study into its applicability. 
While the use of this or any similar formula is not to be recommended 
when suflacient information is available for the application of the rational 
method, yet there are cases when its use may be warranted. It is also 
convement for use in rough prehminary computations, as it can be 

1 Parmley takes i as repreBentlng the Intensity of rainfaU for a period of 8 or 10 min , 
wd for the Walworth Run Sewer (Clevelandl used » - 4 in order to provide for the moet 
wolent atorms, and also for the further damage caused by the prevailing direotion of the 
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employed very rapidly by means of tables or diagrams with sufficient 
accuracy for such purposes, and indeed, with greater precision than 
the applicability of the formula virarrants. 

Convenient diagrams for the solution of McMath’s formula axe given 
in Figs. 86, 87, and 88. In using these diagrams, start with the given 
area at the bottom of the diagram and follow a vertical line to its mter- 
aection with the slope line; then follow a horizontal hne to its intersection 
with the d line (having first found from Table 100 or by multiplication, 
the product of the assumed coefficient of runoff c and the intensity of 
precipitation i); from this point follow a vertical line to the scale of 
quantities at the top of the diagram For example, assume A = 100 
acres, i = 3 in., c = 0.70, andS = 15. Then Q = 144 cu. ft. per second. 

The values of ci for use with these diagrams are given in Table 100. 

Table 100.— Values or a fob Use with Figs 86, 87, and 88 



2 25 1 

2 60 1 

2,75 1 

3 00 1 

3 

60 1 

4 00 

0 3 

0 68 

0.76 

0 83 

0 90 

1 

05 

1 20 

0 4 

0 90 

1 00 

1 10 

1 20 

1 

40 

1 60 

0 6 

1 13 

1 26 

1 38 

1 60 

1 

76 

2 00 

0 6 

1 36 

1 60 

1 66 

1 80 

2 

10 

2 40 

0 7 

1 68 

1 76 

1 93 

2 10 

2 

46 

2 80 

0 76 

1 69 

1 88 

2 06 

2 26 

2 

63 

3 00 

0 8 

1 80 

2.00 

2 20 

2 40 

2 

80 

3 20 

0 9 

2.03 

2 26 

2.48 

2 70 

3 

16 

3 60 


FLOOD FLOWS OF STREAMS 

The foregomg discussion relates to the estimation of storm runoff for 
the design of storm-water drams and combined sewers. The empirical 
formulas have all been derived from observations of runoff from sewered 
areas of comparatively small extent, and their use for large areas is not 
justified by their source; although experience has shown that the Bllrkli- 
Ziegler and McMath formulas are substantially as applicable to large 
as to small areas. 

It sometimes becomes necessary, in drainage problems, to consider 
comparatively large areas, especially m cases where a creek passing 
through a city is to be converted into a covered channel. 

Application of the “Rational Method” to Large Drainage Areas.— 
Logically, the National method of estimating storm runoff is as applicable 
to large as to small drainage areas. Practically, its application to large 
areas is less certain than to small ones, because of the uneven distribution 
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of precipitation, the uncertainty as to rainfall over the entire area, the 
lack of definite knowledge of time of concentration, runoff coefficient, 
and the hke Actual lecords of flood flows of the stream under con¬ 
sideration, if available, are better than any estimation can be, provided 
the records cover a sufficient period of tune. 

It may often happen, however, that much more satisfactory informa¬ 
tion, relative to the mtensity and frequency of excessive rams can be 
obtamed than any other data beanng upon magnitude and frequency of 
flood flows. In such cases, it may be possible to make a better estimate 
by the rational method than m any other way 

Charles H. Lee, in a discussion in Trans. Am. Soc. C E., 1929; 93, 438, 
quotes records of runoff of Strawberry Creek at Berkeley, California, a 
stream with a dramage area of 509 acres, covered by grass, brush 
and young pme trees, and having moderately steep slopes. Flow 
was measured by a weu with a recordmg gage, and precipitation by a 
recording rain gage Tune of concentration for maximum flood flows 
was estimated at 40 minutes Observations did not include any severe 
flood flows, but discharges concentratmg m 45 to 60 minutes showed 
runoff coefficient of approximately 0.12. 

Coefficients of runoff for extreme floods are hkely to be high, because 
such floods often come when the ground is frozen or sheathed with ice, or, 
in some places, when a toiTential ram falls on sun-baked and largely 
impervious soil The coefficient for the Scioto River (Ohio) flood of 
1913, with a drainage area of 1,050 square miles and a period of concen¬ 
tration of about 30 hours, was found to be 0.68 for the maximum 72 hours, 
0.66 for the maximum 48 hours, and 0 59 for the maximum 24 hours. 
The ground was water soaked and practically frozen, and other condi¬ 
tions were favorable for maximum runoff. In the same flood, the Miami 
River (Ohio), with drainage area 2,525 square miles, showed coefficients 
of 0.91, 0.92, and 0 76 for 72,48, and 24 hours, respectively. The period 
of concentration was about 48 hours 

In estimating the frequency of flood flows of streams, it must be remem¬ 
bered that the simultaneous occurrence of excessive rainfall and condi¬ 
tions causmg maximum runoff coefficient is necessary to cause a 
m axim um flood flow, and that a combination of these conditions occurs 
very infrequently. 

Flood-flow Formulas.—^Many attempts have been made to reduce to 
formulas the information relating to runoff from dramage areas, so that, 
given the dramage area of a stream at any point, the maximum rate of 
discharge can be computed with reasonable accuracy. A few of these 
formulas are of mterest and are graphifcally expressed in Fig. 89, in 
which curves of the McMath and Bilrkli-Ziegler runoff formulas also are 
plotted for comparison, 
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Kuichling’s F&nmdaa .—In the report on the New York State Barge 
Canal (1901) Emil Kuichling, after tabulating the various records of 
runoff and drawing diagrams of aU available flood discharge records, 
prepared two curves “showmg the rate of maximum flood discharge on 
certain American and Enghsh rivers, under conditions comparable to 
those in the Mohawk VaUey.” 

The formula of the first curve gives rates of discharge which may be 
exceeded occasionally, and is as follows. 


Q = 


44,000 
M + 170 


+ 20 


The formula of the second cmwe gives rates of discharge which may be 
exceeded rarely, and is 


127,000 
M + 370 


+ 74 


This is for drainage areas of more than 100 square miles For drain¬ 
age areas less than 100 square miles in extent, Kuichhng has more 
recently suggested the formula 


35,000 
M + 32 


+ 10 


Kuichling has also prepared a formula for floods which may be 
expected to occur frequently. It is 


Q = 


26,000 
M + 126 


+ 15 


He notes that all of these formulas are intended to apply to hilly or 
mountainous regions, such as are found in the New England and Middle 
and North Atlantic States, and are probably also apphcable to a roUmg 
country having a clayey surface soil 

He also suggested^ as representing the maximum floods which 
are hkely to occur in the South Atlantic States, for drainage areas not 
exceeding 10,000 square miles, 

41.6(620 + M) 

^ ~ ilf + 24 


Murphy's Formula—1 -d. Water Supply and Irrigation Paper No 147 
of the TJ. S. Geological Survey, E. C. Murphy suggests the formula 

46,790 , ,,, 

® “ ilf + 320 

Metcalf and Eddy's Formula—Thb authors have suggested^ the 
formula 


440 

jl^O 2688 


or Q = 


440 


1 Trana. Am Soo, C. B, 1914, 77, 049 « , t n 

a In oonneoUon with atudiea for the flood-water diBcharge of Beargraaa Creek, LouieviUe, 

Ky. 
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This formula gives results approximating very closely those of the 
Murphy formula for areas between 100 and 250 square miles, and larger 
results for areas beyond these lirmts, and is intended to represent floods 
which may reasonably be expected near Louisville. 

Fuller’s Formulas. — A very exhaustive study of flood discharge of 
streams, is contamed in a paper on “Flood Flows,” by Weston E. Ful¬ 
ler.^ Fuller was the first to pubhsh a formula in which the interval of 
time (corresponding to frequency of floods) appears as a factor in a 
formula for flood discharge, although it has been recognized for many 
years that the greater the mterval of time, the larger the flood which is 
likely to occur withm that tune. It must be remembered that in any 
such study averages and probabilities are dealt with. Because a flood 
of a certain magmtude is likely to occur once in 100 years, it does not 
foUow that 100 years will elapse before the occurrence of such a flood 
If two floods of this magmtude should occur within 5 years, and none 
thereafter for 195 years, the average occurrence would still be once in 
100 years. 

The notation used in Fuller’s formulas is: 

Q = greatest 24-hour rate of runoff in a period of T years, in cubic 
feet per second 

Qmax = the greatest rate of discharge during a maximum flood, m 
cubic feet per second 

Qatr = the average 24-hour flood for a series of years, in cubic feet 
per second 

T = length of period in years 

M = drainage area in square miles 
c = coefficient, constant for a given stream at a given point of 
observation 

The formulas derived by Fuller from a study of all available American 
records are' 

Qa. = cM° 8 

Q = Qar(l + 0.8 log T) = cM° 8(1 + 0 8 log T) 

Q»..= Q(i + = cM" *(1 + 0.8 log d(i + 

In this study it is assumed that the average annual flood flow may be 
determined with sufficient accuracy from a record extending over a 
period of 10 to 15 years, in other words, that the average will not be 
materially affected by increasmg the length of the record indefinitely 

Assuming the maximu m rate of flood flow {Qtnam) from a drainage area 
of 100 square miles during a period of 100 years, as unity, the corre- 
spondmg maximum rates of flood flow for other areas and other periods 
of time would be as shown m Table 101. 

* Trana. Am Soo C. B , 1914, 77, 604. 
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Table 101 — Relation between Maximum Rates op Flood Flow per 
Unit op Area prom Areas op Various Sizes, and for Periods op 
Various Lengths, According to Fuller’s Formula (with a 
Constant Coeppioient) 


Dramage 
area, 
sq. mi 


1 


Duration of period, in years 


10 


60 


100 


500 


1,000 


Relative magnitude of maximum flood discharge 


0 1 

5 08 

9 15 

1 0 

1 93 

3 48 

6 0 

1 04 

1 87 

10 0 

0 81 

1 46 

60 0 

0 47 

0 85 

100,0 

0 38 

0 69 

500 0 

0 24 

0 44 

1,000 0 

0 18 

0 32 

6,000 0 

0.14 

0 24 

10,000 0 

0 12 

0 21 


12 

0 

13 

2 

16 

0 

17 

2 

4 

65 

5 

01 

6 

09 

6 

56 

2 

45 

2 

70 

3 

28 

3 

63 

1 

91 

2 

11 

2 

56 

2 

76 

1 

12 

1 

23 

1 

49 

1 

61 

0 

91 

1 

00 

1 

21 

1 

31 

0 

67 

0 

63 

0 

77 

0 

82 

0 

46 

0 

46 

0 

56 

0 

60 

0 

23 

0 

35 

0 

43 

0 

46 

0 

27. 

0 

30 

0 

36 

0 

39 


According to Fuller’s paper, his formula expresses the general law of 
variation of flood flows with area and length of period. It is, neverthe¬ 
less, difi&cult to select a proper value of c, unless the information avail¬ 
able for the stream under consideration is sufficient to enable this to be 
computed. So many conditions may affect the value of this coefficient 
that it would be difficult to select a proper value, even from the extensive 
tables given by FuUer. The range m the coefficients computed by him 
is shown by Table 102. 


Table 102.— Values op the Coeppioient c in Fuller's Formula for 
Flood Flows, for Various Sections op the United States 



No. of 

Values of c 


Section 

drainage 

areas 

Maximum 

Mmimum 

Average 

Atlantic Coast. 

126 

140 

30 0 

66 

St. Lawrence and Upper 
Mississippi. 

39 

55 

7 6 

20 

Ohio Basm 

38 

160 

45 0 

76 

Missouri and Lower Mis¬ 
sissippi.. 

74 

55 

2 0 

10 

Colorado River. 

24 

45 

4 0 

15 

Paoiflo Coast. 

80 

210 

6 0 

40 
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Fuller does not recommend any value of c for general use when infor¬ 
mation may not be available for the selection of a coefficient by compari¬ 
son with some stream for which c has been computed. In his diagram 
showing a comparison of his formula with other formulas for flood dis¬ 
charge, he presents three hues representing his formula, with values of 
c = 70, r = 100; c = 100, T = 1,000; and c = 250, T = 1,000, 
respectively. It may be inferred, perhaps, that a value of c = 100 
would be reasonable for ordinary use. 

With regard to the length of the period to be used, Fuller says: 

Floods have occurred on some nvers during the last 20 years wliich, 
normally, would be repeated in not lees than 1,000 years. If works are to 
provide for floods equal to the greatest that have been observed, a value of 
T of at least 1,000 should be used. Such a flood or a greater one may occur 
on any nver at any time, but it is not likely to come soon on any particular 
stream It must be remembered that the use of 2' = 1,000 docs not mean 
that the correspondmg flood will come at the end of 1,000 yojirs, but tliat the 
chances are even that it will occur some time during a period of 1,000 years. 
It means, also, that the chances are 1 to 1,000 that it will occur m any one 
year, or 1 to 100 that it will occur m 10 years, or 1 to 10 that it will occur 
once m a century The selection of the proper value of T then becomes a 
question of what chance we can afford to take. 

Pettis’ Formula—M&joT C. R. Pettis issued in 1927 a paper entitled 
"A New Theory of River Flood Flow," m which he presented the 
formula 

Q = 328?!^^*^ 

for peak flow m floods of an average frequency of 100 years, from drain¬ 
age areas between 1,000 and 10,000 miles in extent, in which there are no 
lakes or reservoirs of sufficient consequence to materially affect the flood 
runoff. In this formula, P is a precipitation factor, equal to the average 
maximum 6-day rainfall m mches over the dramage area in a 100-yoar 
period, and W is the mean width of the area, obtained by divichiig the 
total area by the length of the main stream from its souroe to the point 
under consideration. 

By a process of reasoning similar to that employed in the “Zone 
Pnnciple, Pettis reached the conclusion that the magnitude of 
the flood peak was a function of the width rather than the area of the 
dramage basin. He concluded that it would make Little difference 
(except in the magmtude of the numerical coefficient) whether the 3- or 
6-day rauffall, or that of an intermediate period, were adopted as the 
precipitation factor, and finally decided upon the figure for 0 days, 
which can be taken from an isopluvial chart (such as that given in Part 
V, Tech. Rep , Miami Conservancy District). The numerical coefficient 
328 was chosen from a study of the records of flood flows of streams in 
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the northeastern part of the United States from Virginia north and from 
Indiana east, these being the only ones for which a sufficiently long 
senes of records are available. Pettis compared the computed and 
observed flood flows of 34 such streams, and found the differences to 
range between —12 per cent and +9 per cent. 

This formula has not yet (1928) been sufficiently tested to warrant its' 
general acceptance, even withm the limitations of size of drainage areas 
set by Pettis and for the northeasterly portion of the Umted States. 
Until it has been sufficiently verified, it should be employed only as an 
additional check to results obtained by other methods. 

Comparison of Flood-flow Formulas.—A comparison of the flood run- 
offs from drainage areas of various sizes, according to the various for¬ 
mulas for flood discharge, may be made from data in Table 103, and 
from the diagram in Fig. 89. 


Table 103 —Estimates by Vabious Formulas op Flood Dibohaeqe 
OP Streams, in Cubic Feet per Second per Square Mile 


Forinulfl 


Drainage area, m square milea 

10 I solioolsooli.ooolio.ooo 


Q 


Kuiehllng, No 1 
44,000 
M + 170 
Kuichling, No 2 (rnro) 
127,000 


(neciiBioiml) 
+ 20 


(for drainage areas of 

JM -f- d/u square miles) 

non (^01' drainage areas of 1 

‘ — + 10 less than 100 square 

miles) 


* M + 32 
Kuiehling, No 3 (frequent) 
26,000 


Q 


+ 15 


M + 126 
Murphy (Max for N 13 U S ) 
_ 40,700 

Q " M + 320 + 

Motoalf and Eddy 

Q- 

^ Afo « 

MoMath (c - 0 76, i - 2 76) 


Q “ ciA 


BUrkli-Ziegler (o 

V! 


Q — mA 


V! 

ier (o 

V! 


oo 1 


S - 10 
- 3). 

S - 10 


Fuller' Qii 


oM" »(l+0 81og D^l + 


2 > 
MO 


277 

272 

204 220 183 

80 

58 

24 



277 163 

100 

10 

070 

066 

844 437 




214 

207 

200 168 120 

66 

37 

17 

lei 

160 

167 141 126 

72 

51 

20 

440 

286 

237 164 127 

82 

08 

37 

674 

410 

302 202 220 106 

144 

01 

Oil 

40S 

344 230 103 120 

100 

01 


70, T 
70, T 
100, T 
260, T 


50 

406 

268 

200 122 00 02 

62 

30 

100 

640 

204 

230 136 100 00 

67 

33 

1,000 

1,020 

660 

430 262 204 120 

107 

01 

ilooo 

2,660 1 

376 1 

070 020 600 322 

207 

162 
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Effect of Snow and Ice.—It may happen in some oases that the maxi¬ 
mum flow of streams ‘Will occur when a warm rain falls upon snow 
already on the ground, or when the ground may be coated with ice m 
such a manner as to present a practically impervious surface, as well as 
allowing a portion of it to melt and run off with the rain. In these cases 
the total runoff may amount to 100 per cent of the precipitation, or even 
more. In the case of streams of considerable magnitude, where the time 
necessary for concentration is several hours, or possibly even days, and 
where the maximum rate of precipitation, which probably prevailed over 
but a limited area, is a comparatively small factor in determining the 
maximum rate of runoff, maximum flood conditions are particularly 
likely to occur from rain falling upon snow or ice. 

In such cases, it is desirable to estimate the approximate equivalent of 
the snow or ice upon the ground in terms of depth of water. The 
United States Weather Bureau “Instructions to Co-operative Obseiwers " 
states that when it is impossible to measure the water equivalent of snow 
by melting, one-tenth of the measured depth of snow on a level open 
place is to be taken as the water equivalent, although it is recognized 
that this relation varies widely in different cases, depending on the wet¬ 
ness of the snow. The water equivalent of snow may be as great as 
one-seventh or as small as one-thirty-fourth of the depth of the snow. 
These figures apply to recently fallen snow; the water equivalent of snow 
which has been on the ground for some time and which is therefore 
compacted to some extent, would be greater. R. E. Horton states 
in the “Monthly Weather Review” (May, 1906): 

All records indicate that, for the heavy and persistent snow accumulations 
occurring m New York and New England, a progressive growth m the water 
eqmvalent per mch of snow on ground will usually take place as the season 
advances, due to compacting by wmd, rain, and partial molting, and to the 
weight of the supermeumbent mass on the lower layers. The water equiva¬ 
lent of compacted snow accumulation is commonly between one-third and 
one-fifth, or at least double that for freshly fallen snow. 

The relation between the thickness of an ice layer and the correspond¬ 
ing depth of water is more uniform, and for practical purposes 1 in. of 
ice may be considered as equivalent to 0.9 in. of rain. 

In the case of sewer districts, maximum run-off is much less likely to 
occur from ram falling upon snow or ice. Rains of great intensity are 
comparatively rare occurrence during the season when snow and ice are 
formed. Moreover, the effect of snow upon the ground would usually 
be to retard the flow of water, the snow acting as a sponge during the 
time of heaviest precipitation, and causing the runoff to be at a more 
gradual rate than the rainfall during this portion of the storm. It is, 
however, possible, under extreme conditions, that runoff 
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might be caused by a warm rain of heavy intensity following after a 
period of comparatively hght precipitation, by which the snow has been 
saturated and nearly melted, so that the maximum rate of runoff might 
even be in excess of the greatest rate of precipitation, and the possibility 
of this condition must always be borne in mmd. 

Records of Flood Flow of Streams.—Table 104 contains some records 
of flood flow of streams in the United States for streams of drainage areas 
less than 250 square miles in extent. The same data are shown graph¬ 
ically m Fig. 90. 

Except as othei-wise noted, these data have been taken from a paper by 
G. H. Matthes, entitled “Floods on Small Streams caused by Rainfall of 
the Cloudburst Type,” and from a discussion by Harrison P. Eddy, both 
of which are parts of a symposium on flood problems.^ Reference is 
made to these papers for the original sources of information. Mr. 
Matthes defines the term “small stream” as applying to 

. any water course in which the maximum rates of flood flow ore caused, 
not by prolonged and widespread heavy rams, as in the case of rivers, 
but by downpours of exceptional mtensity, of short duration, and covering 
oroas rarely exceodmg 50 square miles 

The figures tabulated have, nevertheless, been extended to include 
noteworthy flood flows from areas less than 250 square miles, which is as 
far as is warranted in a treatise devoted to sewerage problems 

Extremely high flood flows from very small drainage areas have been 
observed. Steep slopes and impervious soil, and sometimes snow and 
ice, in addition, are usually responsible for the very lugh rates When it 
is remembered that 2,000 cu ft. per second per square mile represents a 
runoff cooflicient of 1.00 and a rainfall rate of 3 1 in. per hour, the rarity 
of such conditions, even on very small drainage areas, will be appreciated 

The designer must have in mind the extreme flood flows which have 
occurred and the extent of the damage which would result from inade¬ 
quate provision for such floods, and make this decision as to the magni¬ 
tude of flood flow to be safely handled on the basis of sound public 
policy. This will necessanly be a matter of judgment, in which the 
probable frequency of occurrence of gi’eat floods, the danger to Ufe, and 
the financial conditions involved must aU be given duo weight. 

Frequency of Floods in Streams .—An elaborate study of the relative 
magnitude of flood flows to be expected in various periods of time is 
contained in Weston E. Fuller’s paper on “Flood Flovra,” previously 
referred to. According to his analysis, the greatest flood which is likely 
to occur in a period of T years will exceed the average annual flood by 
0.8 log T times the average annual flood. The relative magnitudes of 

1 Trana. Am Soc C E , 1022, $6, 1388, 1525. 
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Table 104 —Flood Flow op Stheamb 




Drain- 

Flood 
flow in 



oublo 

Num¬ 

ber 

Stream and looobty 

area m 

square 

feet per 
second 
per 



miles 




square 




milj 

1 

Beacon Brook, FiahklU, N Y 

0 26 

3,200 

2 

Bulls Run, Long Level, Pa 

0 68 

4,170 

3 

Dokera Hollow, North Braddook, Pa 

0 6 

4,000 

4 

Mann's Run, Creewell Station, Pa 

0 07 

2,540 

6 

Mad Creek, Le Roy, NY . . 


2,000 to 




2,300 

6 

Qreen Branch, BridgevillB, Fa. 

1 7 

1,606 

7 

Arroyo, near Pueblo, Colo . . 

1 8 

1,060 

8 

Chenyvalo Creek, Chenyvole, Kan 

2 

930 

e 

Indian Run, Letort, Pa 

2 1 

1,030 

10 

Conadochly Creek, East Prospeot, Pa 

2 2 

1,630 

11 

Bull Run, Jeannette, Pa 

2 26 

310-H 

12 

1 Moraine Run, Moraine City, Ohio 

2 6 

346 

13 

Colvin Run, Grindstone, Pa 

2 7 

480 

14 

Starch Factory Creek, New Hartford, N Y 

3 4 

209 

16 

1 W Fork Honey Oeek, New Carlisle, Ohio 

3 6 

1,000 

16 

Estansuela River, Monterrey, Nueva Leon, 




Mexico 

3 6 

826 

17 

Hulls Guloh, Boise, Idaho 

6 

1,000 

18 

Mad Brook, Sherburne, N Y 

6 0 

262 

le 

Breakneck Run, Bullskin Township, Pa 

6 2 

(310 




(260 

20 

Brush Creek, Jeannette, Pa 

6 

600-I- 

21 

) Hogon'e Gulch, near Eden, Colo 

6 1 

1,680 

22 

East Fork, Honey Creek, New Carlisle, Ohio 

6 7 

2,210 

23 

Blue Ribbon Creek, near Pueblo, Colo 

6 7 

1,360 

24 

Cameron Arroyo, near Fueblo, Colo 

7 3 

1,000 

26 

Osteen Arroyo, near Fueblo, Colo 

7 8 

1,160 

26 

Burgoon's Run, near Altoona, Pa 

8 1 

400-I- 

27 

Arroyo, Indiola, N M 

8 87 

1,106 

28 

Mill Brook, Edmeeton, NY 

e 4 

241 

29 

Spring Creek, HamBburg, Fa 

11 6 

238 

30 

East Fork, Honey Creek, New Carlisle, Ohio 

11 8 

1,286 

31 

1 Eaton Wash, Los Angeles, Colif 

12 6 

307 

32 

MiU Creek, Erie, Fa 

12 e 

1,000 

33 

Manhan River, Holyoke, Mass 

13 0 

182 

34 

Connoqueneasmg Creek, Oakland, Fa., . 

13 6 

316 

36 

Panther Creek, Iowa . ... 

14 

620 

36 

Rocky Creek, near Elhsville, Miss.. . 

16 

1,110 

37 

Arroyo, near Fueblo, Colo . 

16 8 

610 

38 

Alason Creek, San Antomo, Tex 

16 e 

1,060 

SO 

Little Devil's Creek, Iowa . ... 

le 

660 

40 

Martinez Creek, Son Antonio, Tex. , . 

19 6 

1,223 

41 

1 Ridley Creek, Sycamore Mills, Pa 

20 0 

760 

42 

Willow Creek, Heppner, Ore . , . , 

20 

1,800 

43 

Chase Creek (tnbutory of Gila River) All- 



sona . 

20 

647 


Date of flood 


July 14, 1897 
July 16, 1014 
Juno 10, 1017 
July 16, 1014 
May, 1916 

July 16, 1014 
June 3, 1021 
(?) 

July 16, 1014 
July 16, 1914 
July 6, 1003 
Sept, 1016 
July 21, 1012 
Sopt 3H1, 1005 
July, 1018 

Aub 27-28, 1009 
July 24, 1013 
Sopt 3-4, 1906 
May 10, 1002) 
Aub 10, 1012) 
July 6, 1003 

July 20, 1018 
Juno 3, 1021 
Juno 3, 1021 
June 3, 1021 
May 20, 1804 
July 19, 1016 
Sopt 3-4, 1006 
Fob 16, 1008 
July 20, 1018 
1914 

Aub 3, 1016 
Feb 13. 1900 
Aub 28, 1003 
June 10, 1006 
May 7, 1882 
Juno 3, 1021 
Sopt. e, 1021 
Juno 10, 1906 
Sopt e, 1021 
AuBUBt, 1843 
June 14, 1003 

Deoember, 1006 


* Eng News-Record, June, 1022, 88 , 1073, 

* TTfftflr Supply Paper 487 , 40, 
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Table 104.— Flood Flow op Streams — {ConiiniLed) 




Drain¬ 

Flood 
flow In 




oubio 


Num¬ 

ber 

Stream and looabty 

age 

area in 

square 

feet per 
second 

Date of flood 



miles 

per 

square 





mile 


44 

Cane Creek, Bnkorsville, N C 

22 

1,341 

May 20, 1001 

46 

1 Crum Creek, Delaware Co , Pa 

22 

410 

August, 1843 

46 

Apaoho Crook, San Antonio, Tex 

22 

704 

Sept 0, 1021 

47 

Dry Pun, Doeoroli, Iowa 

22 3 

720 

Mar 16, 1019 

4S 

* Pivot dee Peroa, St Lome, Mo 

23 4 

410 

August, 1016 

40 

Trout Brook, Brooksport, N Y 

26 

168 

60 

Poquonnook Piver, Bridgeport, Conn 

26 

167 

July 29-30, 1906 

61 

Boggs Crook, near Puoblo, Colo 

26 6 

682 

June 3, 1021 

62 

' OlmoB Creak, Son Antonio, Tex 

26 8 

1,174 

Sept 0, 1021 

63 

Spnng Creek, above Dayton, Ohio 

27 

210 

Mar 23-27, 1013 

64 

Donnols Crook, above Dayton, Ohio 

27 

147 

Mar 23-27, 1913 

66 

Pinal Creek, Qlobo, Anz 

30 

440 

Aug 17, 1004 

66 

Pook Crook, near Puoblo, Colo 

34 4 

664 

June 3, 1021 

67 

SawkiU Pivor, Kingston, N Y 

36 

228 

April, 1806, also 





1806 

68 

Turtle Crook, above Dayton, Ohio 

36 

176 

Mar 23-27, 1913 

60 

Lake Poland, Maryland 

30 

230 

1868 

60 

Son Antomo Piver, San Antonio, Tex 

' 32 4 

060 to 





1,200 

Sept 0, 1021 

61 


41 

580 

62 


46 

333 


63 

Cameron Creok, Hurloy, N M,,.. 

44 

125 

Aug 14, 1013 

64 

Elkhom Creek, Keystone, W Va 

44 

1,363 

June 22, 1001 

66 

Sixmilo Crook, Ithaoa, N Y 

46 

106 

June 21, 1006 

66 

^ Darby Crook, Delaware Co , Pa 

48 

680 

August, 1843 

67 

Pine Crook, Pans, Tex 

48 

320 to 410 

May 12, 1020 

68 

Little Conomaugh Piver, Johnstown, Pa 

48 0 

206 

May 30-31, 1880 

60 

Lost Crook abovo Dayton, Ohio 

62 

671 

Mar 23-27, 1013 

70 

SaAta Ysabol Crook, near Mesa Grande, 





Calif . . . 

63 4 

306 

Jon. 27, 1016 

71 

Tawawa Crook, above Dayton, Oliio 

64 

230 

Mar 23-27, 1013 

72 

Pook Crook, near Puoblo, Colo 

60 

013 

Juno 3, 1021 

73 

> Chostor Creok, Bndgowater, Pa , . 

62 

1,000 

Aug , 1843 

74 

Ludlow Crook, above Dayton, Ohio 

66 

266 

Mar 23-27, 1013 

76 

Dry Crook, Pueblo, Colo 

70 

300 

June 2, 1021 

76 

'San Antonio Piver, San Antonio, Tox, 

86 

400 

Sept 0, 1021 

77 

Gallinos Piver, Los Yogas, N M 

80 

131 

Sopt 20, 1004 

78 

Putah Pivor, Guenoe, Calif 

01 

270 

Mur 10, 1004 

70 

North Fork Crook, Brookville, Pa 

07 

124 

July 17, 1012 

80 

Otay Piver, Lower Otay, Dam, Calif . , 

08 6 

370 

Jan 27, 1016 

31 

Ban Jacinto Piver, Son Jaointo, Cal . 

108 

278 

Jan , 1016 

82 

Santa Ysabel Crook, Ramona, Cohf , , 

110 

268 

Jon 27, 1016 

83 

Dovil's Creek, Iowa . 

143 

600-H 

Juno 10, 1006 

84 

'Solndo Creek, Solado, Tex. 

148 

066 

Sept 10, 1021 

86 

Mora Pivor, La Cueva, N M 

160 

140 

Sopt 20, 1004 

86 

Swootwator Pivor, SweotWater Dam, Calif 

181 

261 

Jan 27, 1916 

87 

Cave Creek, Phoenix, Anz 

200 

125 

Aug 21, 1021 

88 

Ban Luis Roy Piver, Mesa Grande, Calif 

200 

280 

Jon 18, 1016 


■ Water Supply Paper 488 , 14, 10. 
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floods which will probably recur in periods of various durations according 
to this relation, are shown in Table 101. 

Robert E Horton, m Bull Z of the U. S. Weather Bureau, on “The 
Floods of 1913,” has explained the application of the mathematical theory 
of probabilities to the estimation of the probable recurrence of floods of 
various magnitudes, and derived the formula 

/Q + 50,000y 
\ 80,000 / 


Table 105 —Average Interval between Floods op Various Magni¬ 
tudes IN Some American Rivers 


Magmtude of flood as com- 
IMaximum pared to maxinium flood 
observed 

flood, 0 6 to 0.7 to 0 8 to 0 9 to 
c f a. per 10 1.0 10 10 

sq mi 

Average frequency, years 


Kennebec 

4,380 

12 

25 4 

2 

4 

12 

12 

Androscoggin 

2,320 

12 

23 8 

4 

6 

12 

12 

Merrimac 

4,663 

59 

18 0 



15 

20 

Connecticut 

10,234 

106 

20 0 



12 

53 

Hudson. 

4,500 

35 

16 6 



18 

36 

Genesee 

2,428 

119 

19-22 



60 

119 

Passaic . .. 

8,227 

26 

42 5 


13 

26 

26 

Ranton 

806 

96 

04 6 


24 

48 

96 

Delaware 

6,856 

120 

37 1 



40 

120 

Susquehanna 

24,030 

17 

28-30 6 


6 

9 

17 

Cape Fear . 

3,860 

15 

18-23 

0 4 

0 6 

2 

7 

Savannah . 

. 7,600 

66 

40 

0.8 

1 6 

6 6 

33 

Alabama 

16,400 

14 

9 6 

0 6 

0 7 

1 6 

6 

Black Warrior 

4,900 

17 

32 

0 4 

0 6 

0 9 

2 

Monongahela. 

6,430 

20 

38 1 

6 

10 

20 

20 

Youghiogheny . 

782 

32 

64^59 

4 

16 

32 

32 

Allegheny. 

9,220 

' 31 

26 7 

0 3 

1 

3 

8 

Ohio . . 

23,800 

' 22 

20 8 

2 

3 

10 

22 

Illinois 

16,700 

1 16 

3 3 


2 

3 

5 

Rio Grande 

28,067 

1 11 

1 2 

4 

6 

6 

11 

Colorado. .. 

37,000 

! 9 

3 3 


5 

9 

9 

Arkansas 

‘ 4,600 

. 10 

2 4 

3 

5 

10 

10 

Bear. 

6,000 

' 16 

1 8 

3 

5 

16 

15 


River 


Dram- 
age 
area, 
shed, 
aq. mi 


Length 
of rec¬ 
ord, 
years 
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for the Hudson River at Mechanicsville, where the drainage area is 4,500 
square miles. In this formula T = average period of recurrence in years 
and Q = mflvimnTn flood flow in cubic feet per second. In a discussion 
upon Fuller’s paper on “Flood Flows” Horton also gives^ the general 
formula 

V4,021 6 

Table 106— FaEdtiENCY or Floods Which Caused Sbhioub Damages 
ON Several American Streams 


Stream 

Location 

Dates 

of 

senous 

floods 

Inter¬ 

val, 

years 

Average 

interval, 

years 

Mill Creek 

Ene, Pa. 

1878 





1893 

16 




1916 

22 

18 

Willow Creek 

Heppner, Ore. 

1883 





1903 

20 


Jones Falls 

Baltimore, Md 

1754 





1780 

32 




1817 

31 




1837 

20 




1842 

6 

> 



1868 

16 




1860 

2 




1868 

8 




1887 

19 

17 

Cherry Creek 

. Denver, Colo 

"1864 





1878 

14 




1885 

7 




1912 

37 

18 

CodoruB Creek 

York, Pa 

1744 





1768 

14 




1786 

28 




1817 

31 




1821 

4 




1847 

20 




1860 

3 




18S4 

34 




1884 

0 

18 


1 Trans Am Soc C E , 1914, 77, 666 
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derived from 20-year records of Neshaminy, Perkiomen, and Tohickon 
Creeks, near Philadelphia. 

Information indicatmg the relative frequency of floods of various 
magmtudes on 23 American rivers are given by E. C Murphy in Water 
Supply and Irrigation Paper 162 of the U S Geological Survey. The 
most sigmficant information, compiled from his records, is given in 
Table 105. 

In the article previously referred to, Matthes^ gives the records of 
floods which caused serious damages on several small streams, which are 
summarized in Table 106. 

The Department of Public Works of the State of California, in Appen¬ 
dix A of its report for 1923, printed a series of curves showmg the magni¬ 
tude and occurrence of flood discharges of the rivers of that state, 
extended to indicate the probable frequency in very long terms of years. 

C. H Pierce* has brought together the most important data relating 
to floods on New England Streams for which continuous records have 
been kept; but most of these relate to comparatively large streams. 

I Trans Am Soo C E , 1022, SB, 1306 

* Jow Boston Soo C E,, 1024; 11, 327 



CHAPTER IX 


STORM DRAINS AND COMBINED SEWERS 

Definitions .—A storm drain is a conduit for cariying off surface water 
and storm water. 

A combined sewer is a sewer intended to receive domestic sewage, mdus- 
trial wastes, and surface and storm water. In the combined S3rstem, 
the rate of discharge of domestic sewage and industrial wastes is so 
amflll compared to the rate of runoff of storm water (usually being less 
f-,hfl.n the error in estimating storm water) that the former is generally 
neglected and the sizes are determined from the estimate of storm flow 
alone. 


DESIGN OF COMBINED SEWERS OR STORM DRAINS 

The design of combined sewers or storm drains requires, first, the 
determination of the storm runoff as described in the preceding chapter, 
and, second, the selection of the proper dimensions for the sewer, taking 
into account the available slope and other topographical and physical 
conditions. 

Storm Runoff. —The determination of storm runoff or required capac¬ 
ity of the sewer may be arrived at either by the rational method or by 
the use of an empirical formula. In this discussion, the rational method 
will be followed. The basic principles of design are the same, whichever 
method is used. 

The computation of the runoff reqmres the determination of the 
followmg basic data 

1. The time-intensity rainfall curve to be used as a basis of design. 

2. The probable future condition of the drainage area, i c., the per¬ 
centage of impervious surface which may be expected when the district 
shall have been developed to the extent assumed. 

3. The runoff coefficient, i.e., the proportion of the rainfall which will 
run off over the surface of the ground 

4. The probable time required for water to flow over the surface of 
the ground to the first ialet, caUfed the “inlet time” or “time of 
entrance “ 

6. The area tributary to the sewer at the point at which the size is to 
be determmed 
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6 The time required for water to flow m the sewer from the first inlet 
to the above-mentioned point, which added to the mlet time, gives the 
time of concentration 

Then by the apphcation of the propei' runoff coefficient to the rainfall 
for the tune of concentration, the rate of runoff per unit of area may be 
computed 

Adoption of Ra inf a ll Curve.—The form of the r n.infn.l1 curve wfll be 
determined by the records of excessive rainfall for the locahty. The 
particular frequency curve to be adopted wdl depend largely upon 
economic conditions, and the extent to which it is necessary and finan¬ 
cially practicable to avoid occasional surcharging of the sewers and pos¬ 
sible damage from floodmg. Something will also depend upon the 
relative position of the rainfall curves of different frequencies, thus, if 
the curve of 15-year frequency lies but httle below the 25-year curve, 
there will be little saving m cost by adopting the former, and it may be 
better to adopt the 26-year than the 16-year curve as the basis of design 
Perhaps a rainfall curve of 16-year frequency is likely to be adopted 
more often than any other. In many cases, economic considerations 
may not justify the construction of drains for flows likely to occur less 
often than once in 5 years. 

Determination of Runoff Coefficients.—^An estimate must be made of 
the probable coefficient of impemousness for each sewer district as it is 
likely to exist at the end of the assumed econonuc period of design, say 
40 years for instance. Such an estimate can be made with greater 
certainty whore a proper zoning ordinance is m force than elsewhere, 
although too much credence must not be given to the permanent effect of 
such an ordinance. Suitable runoff coefficients for impervious and 
pervious surfaces must then be assumed, bearing in mind the character 
of the earth and other local conditions which may have an effect. These 
coefficients may then be combined, either directly or according to the 
zone principle, and modified if desired, for the effects of distnbution of 
rainfall, retardation, and retention, thus obtaining the runoff coefficients 
applicable to the locality under consideration at the end of the period of 
design. 

Economic Considerations.—It must be remembered that runoff coeffi¬ 
cients are chosen to represent conditions as they are expected to be in the 
future, and, consequently, the frequency adopted for design will repre¬ 
sent the average interval between occasions when the capacity of the 
drain will be equalled or exceeded after the district has developed to the 
assumed condition. During the period of development, the flood condi¬ 
tions would be much more rare, if experienced at all. 

This consideration may be illustrated by an example. Assume that a 
drain is to be built to serve an area for which the time of concentration 
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IS 46 min. and that the rates of rainfall oorreapondmg to various fre¬ 
quencies and this time of concentration are: 

40 years, 2.30 m. per hour 
20 years, 2.10 in per hour 
15 years, 2.00 m. per hour 
10 years, 1.90 m per hour 
5 years, 1.70 in. per hour 

Now, if the assumed runoff coefficient when the district has developed 
be 0.60, and the estimated coefficient at present be 0.40; if the 15-year 
rainfall curve is to be used, and if it be further assumed that the district 
develops uniformly, reachmg full development (corresponding to the 
coefficient 0 60), in 20 years; then: 

1. The dram will be designed for a runoff equivalent to 0 60 X 2.00 = 
1.20 in. m depth per hour. 

2. This rate of runoff corresponds to a present rate of rainfall of 
1.20/0 40 = 3 00 in per hour, which for a 46-min. period, has a prob¬ 
able frequency of about once in 1,000 years. ^ 

3 The corresponding rate of rainfall required to fill the drain after 
10 years, when the coefficient of runoff is 0.50, is 2.40 in. per hour, and 
the probable frequency of such a ram is once in 100 years.^ 

It is obvious that the dram is very unlikely to be filled to capacity at 
any time withm 15 years after construction After 20 years it may be 
expected that it will be taxed to its capacity or surcharged at average 
mtervals of 15 years. 

This bemg the case, it may be questionable whether the construction 
of so large a dram would be justified, particularly as the assumed degree 
of development may never be experienced. The basis of design should 
be re-exam in ed and it may be found wiser to design for a condition of 
development which will be reached at an earlier date, even if BtiU further 
development goes on thereafter; or a rainfall curve of 10- or 5-year fre¬ 
quency may be adopted If the basis of design is so modified, it may be 
expected that at some future time it will become necessary to provide a 
rehef sewer, but this may be more economical than to build the larger 
structure at once. 

Runoff Curves.—^Having determined upon the rainfall curve and 
runoff coefficients to be used, these may advantageously be combined 
and a series of runoff curves prepared, similar to those shown in Fig 91 
for Detroit, Mich. The data from which these curves were constructed 
are given in Table 107. 

A similar set of curves devised by Darwin A. Townsend for use at 
Milwaukee, Wis., is shown m Pig. 92.^ The r ainfall curve was derived 

1 Eatimated by idoHdiig on probability paper the rates and frequendea taken oa bodo 
data 

> Eng, New^Recori^ 1922,89,1080. 
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from 17 years’ records, and presumably may be taken as representative 
of a 16-year frequency. As shown, it corresponds somewhat closely 

136 

with a curve the equation of which is i runoff curves 

were derived directly by the application of the coeflBicients indicated, 
the zone principle not bemg employed As mdicated, the rates of runoff 
for periods less than 15 mm. have been taken as uniform for each value of 
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^0 20 40 60 80 100 120 160, 180 200 

Duration'in Minutes,t 

Fig. 91.—Runoff curves for Detroit, Mich , based upon rainfall curve of 10-year 
frequency and various percentages of unperviouB surfaces. 

Conmuted for rootongulor area 'with length — 4 X breadth, from bomo coeffiments in 
Table 06, combined aooordlng to "zono principle ” 


the coefl&cient. A coefficient of 0.35 has been adopted for use in residen¬ 
tial sections of Milwaukee. 

Time of Concentration.—^As a preliminary to computmg the time of 
concentration, the inlet time to be used must be determined Theoret¬ 
ically, this IS the time of concentration at the inlet, or the time required 
for water to flow from the most distant point to the inlet. Practically, 
it includes the effect of various retardmg influences, especially the time 
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Fig. 92 —Curves for design of storm drains at Milwaukee 
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required to pass through the inlet structure to the sewer or drain. Very 
few inlets or catch basins now in use are well fitted for the rapid passage 
of large quantities of water. Allowance must be made, however, for 
such improvements as are likely to be made, and the adopted inlet time 
should not necessarily be taken as that required with present gutters 
and inlets. 

Data from Maps and Profiles.—The remaining data for the computa¬ 
tions must be taken from an accurate plat of the district, similar to Fig. 
93. On this are entered the elevations of the proposed or establhised 
street and alley grades and, if no contour map has been made, the eiast- 
mg surface elevations should also be shown. The storm-water inlets 
along the gutters of the streets and alle}^ are then located on the plat 
on the higher Bide of all street intersections and at all low points between 
streets, usually with no interval g reate r ihan -600 or 7Q0 ft. between 
inlets. Aiter the locations of the inlets have been fixed on the map, sewers 
to reach them are laid out, attention being paid to the sewerage 
of all private lots m the distnct The most economical layout usually 
follows the natural surface slopes in the shortest hne toward the outlet 
of the district and concentrates the storm flow as rapidly as possible. 
Sometimes several preliminary layouts should be made and compared to 
ascertain which is the cheapest. 

The area tributary to the sewer at any point may now be determined. 
The designer must form a mental picture of the district os it will be at 
the end of the period of economic construction, with the gradmg and pav- 
mg done and buildmgs erected This concept is necessary, in order to 
locate the minor ndge hnes dividmg the small areas droinmg into streets 
from those draining mto alle}^, and to fix the areas tnbutary to each 
inlet. 

The final step in preparing the data is to fix in a preliminary way the 
slopes of the sewers. The start m this work of approximating slopes is 
made at the lower end where the elevation is fixed approximately by 
outside conditions. Then m the second trial, beginning at the upper 
end, the final slopes can be established at the same tune the sizes are 
determined. 


EXAMPLE OP DESIGN OP A STORM DRAIN 

The district shown in Fig. 93 is a portion of the Carlisle Brook drain¬ 
age area in the City of Springfield, Mass The location of the proposed 
main dram (the so-called “Carhsle Brook Drain") into which the dis¬ 
trict is to be drained, is shown on the plan and the mvert elevation is 
given at the pomt where the proposed branch dram is to be connected 
and for which provision has been made m the design of the mam drain. 
The required min i m i u n elevation of the mvert of the branch dram iS| 
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therefore, given at the proposed point of discharge into the Carlisle 
Brook drain. 

A careful study of local conditions, including the present and probable 
future development of the district, indicates that a coefficient of impervi- 
ousness of-0T40-is reasonable, and that it is proper to assume a coefficient 
of runoff of ^ = 0.35. The zone prmciple is not applied 

The inlet time has been assumed to be 20 min. 

The rate of rainfall is to be taken from the assumed curve of intensity 
of precipitation represented by the formula i = 20.4/f° This formula 



Time in Minutes(t} 

Fig. 94. —Rainfall and run-off ourvos for Carlisle Brook Drainage Distriot, 

Springfield, Moss 

indicates the rate of rainfall which may be expected to be equalled or 
exceeded once in 6 years. The rainfall and runoff curves are shown 
on Fig. 94. 

While it was recognized that drains designed on this basis noight be 
overtaxed on the average ohce in 5 years, in view of other financial obli¬ 
gations facing it, the city was not thought to be justified m gomg to the 
extent of providing for storms of greater intensity, which would have 
involved greater cost. During the earlier years of the life of the drains, 
they will be able to care for much greater rates of flow than later, because 
the assumed coefficient of runoff is based upon future rather than present 
conditions. A progressive increase in impervious surface and runoff will 
be caused by the gradual substitution of roofs and paved areas for 
unimproved areas such as woods and grasslands as the city grows. In 
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the future, when the district is more densely built up and when the city 
has available funds, rehef drains can be constructed to serve those areas 
where flooding has become sufficiently senous to warrant the eicpenditure. 

Figure 93 shows the streets with surface contours, also the di’amage 
area, withm the dash-and-dot lines. The limits of this area are influ¬ 
enced not only by the surface contours but also markedly by the areas 
served by eidsting combmed sewers and drains not shown on the plan 

The drains ore to be designed, in general, with the crown at a depth of 
at least 5 ft. below the surface of the street. 

The minimum size of dram is to be 12 in. 

The assumed minimum allowable velocity is 3 ft per second when 
flowing full. 

The capacity of the drains is to be determined by the use of a value of 
71 = 0 015 in the Kutter formula for sizes of 24 in and under, and n = 
0 0^3 for sizes over 24 m, it being assumed that the smaller sizes will 
be of vitnfied pipe and the larger sizes of monolithic concrete with smooth 
interior surfaces. 

The foUowmg steps must now be taken m order to reach a rational 
solution. 

1. Draw a line to represent the dram in each street or alley to be 
drained. Place an arrow near each dram to show the direction of flow 
m it. The drains should, m general, slope with the street surface. It 
will usually prove to be more economical, however, so to lay out the syB- 
tem that the water will reach the mam dram by the moat direct route. 
Also, m general, it will prove best to concentrate the flow from small 
areas as quickly as possible into one drain. 

In some localities with a large percentage of pervious surface, the roof 
water is allowed to discharge upon the ground, thence flowing to the 
gutter inlets and the drains. In some such instances, drains are pro¬ 
vided only to the last gutter inlet, rather than to a point opposite the 
last house lot, thereby effecting some saving m cost. This practice is 
open to the criticism that it does not give equal service to all property 
and IS, therefore, inequitable. In the example under consideration, it is 
intended to provide drainage facilities for all property within the district 

2 Locate the manholes tentatively, giving to each an identification 
number. In this example, a manhole is to *be placed at each bend or 
angle, at all junctions of drains, at all points of change in size or slope and 
at mtermediate pomts where the distance exceeds 400 ft., except where a 
good velocity will be available durmg practically all conditions of flow, 
m which case the mterval may be mcreased to 700 or 800 ft. Sufficient 
manholes should be built to allow access for inspection and cleaning; 
later when the profiles are drawn and the final slopes fixed, it may be 
found desirable to change the location of some manholes m order to 
have the drains at the most advantageous depth, particularly where the 
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slope of the street surface is not substantially uniform. Other con¬ 
siderations, such as obstacles under the street, may require the installa¬ 
tion of additional manholes, due to change in alignment of the drain or 
special forms of construction involved m junctions or connections with 
other drams 

3 Sketch the limits of the drainage areas tributary at each manhole 
The assumed character of future development and the topography will 
determme the proper limits. 

4. Measure each individual area by planimeter or other methods 
which will give equally satisfactory results. 

5 Prepare a table in which to record the data and steps in the compu¬ 
tations of each section of drain between manholes. 

The computations for the longest hne of this section are shown in 
Table 108. 

Each lateral is then designed in a similar way. If necessary, the 
design of the sub-mam is modified so as to serve the laterals properly. 


BASIS OF DESIGN OF STORM-WATER DRAINS IN VARIOUS CITIES 

No attempt has been made to include in this section any exhaustive 
statement of practice throughout the country, but information has been 
obtained (1923-1924) from a number of the large cities in which the 
methods employed are beheved to be tjrpical of the best practice, and it 
IS summarized below. 

Baltimore, Md ’—The rational method is used, estimating precipita¬ 
tion from the formula i = usmg for runoff coefficients: 

0 60 to 0.70 for busmess areas 
0 50 to 0.60 for downtown residential areas 
0.40 for suburban areas 

0 30 for rural areas 

Inlet time is assumed according to local conditions, between 4 and 10 

miTi 

Boston, Afass.2—Lovejoy’s "Sewer and Runoff Diagram No. 3" is 
used, combmmg graphical solutions of the rational method of estimating 
runoff and of the determination of sewer size. Precipitation is 

150 

estimated by the Dorr formula® i = ^ Coefficients of runoff are: 

0.95 to 1.00 for roofs and concrete or asphalt pavements 
0.70 to 0 90 for macadam streets and brick sidewalks 
0.20 to 0.70 for earth surface 
0.00 to 0.25 for gravel and sand 
Inlet time is usually taken at 5 min 

* Milton J Ru&rk, Engineer of Sewers. 

>F A. LoTejoy, Designing Engineer, 

' Approximate freeiuonoy 10 years. (Metoalf i Eddy.) 
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Buffalo, N. Y .^—The rational method is followed. Rainfall is 

estimated from the equation i = Coefficients of runoff are 

0 95 for business district 

0.60 for urban residential district 

0.40 for outlying or suburban districts 

Assumed inlet time varies with conditions. Total time of concentration 
for storm drains serving areas wholly within the city ranges from 40 to 
90 min ; for a large drain receiving most of its water from rural area 
without the city, 5)4 hours. 

Chicago, —Both the rational method and empirical formulas are 

used, the former for large and important projects, the latter usually for 
drains serving small areas. Rainfall is estimated by the formula 
28 

^ fO ?• 

Assumed coefficients of runoff are: 

0.90 for loop distnct (center of city) 

0 35 for commercial district with 65 per cent impervious surface 

0.30 for apartment-house distnct, closely built, sandy soil 

0.16 for undeveloped sandy area, zoned for industrial development 

Inlet time is usually taken at 16 min. (Actual observed inlet time from 
very sharp storm to inlets on Michigan Avenue bridge, 130 ft. wide, was 
6 to 7 min.) 

For the smaller areas, the formula Q = A, is used, where c varies 
from 0.8 to 1.6, the smaller coefficients applymg to the more pervious 
areas. It is suggested that a somewhat more accurate formula would 
result if the exponent were reduced to 0.70, or even to 0.66. 

Cleoeland, Ohio .^—The rational method is used and a curve made up 
from local precipitation records. Coefficients of runoff are assumed 
aocordmg to local conditions, varymg from 0.60 to 1.00. Inlet time is 
assumed as 7 to 8 mm. Empuical formulas, usually McMath^s or Parm- 
ley’s, are used as a check. 

New Orleans, La .*—The local situation requires that aU drainage water 
be pumped and financial conditions have made it impossible to provide 
adequate drainage facilities. The system has, therefore, been con¬ 
structed and is being extended with the object of providing a uniform 
retardation rather than the prompt removal of all drainage water. 
Drain capacities have been fixed on the basis of the Advisory Report of 

1 Arthur W Kreinhedcr, Commisaioner of Publio Worka 

* C D Hill, Engineor, Board of Loool Improvements; William R Matthews, Assistant 
Engineer In Charge, Bureau of Sewers. 

• Robert Hoffman, Commissioner and Chief Engineer, Department of Pubho Servloe. 
« Georgo G. Earl, General Superintendent 
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1896, using runoff curves based upon the BtSrkli-Ziegler formula, with 
varied coefficients, so that the quantity computed as runoff from 50 
acres would vary from 15 to 100 cu. ft. per second. The same method is 
still followed, since local conditions make it more advantageous to pro¬ 
vide equally good di’ainage over the whole area served than more ade¬ 
quate drainage for hmited areas only, with resulting increase in flooding 
in other areas. The limit of capacity of the present works is 7 in. in 24 
hours. 

Maximum rainfalls of 5K in. per hour for 30 mm and in. per hour 
for 12 hours are experienced occasionally. Actual coefficients of runoff 
vary from very low figures up to 1.00 depending on the saturation of the 
earth In New Orleans, the duection of travel of storms and the part 
of the storm in which the heavy downpours occur are factors of great 
importance in affecting the runoff. 

New York City ’—Each borough of the city has its own engineering 
department and makes its own designs, but the principal features must 
be approved by the Board of Estimate and Apportionment. AU of the 
boroughs now use the rational method m determining runoff. Rainfall 
intensity is estimated by formulas as follows: 

In Manhattan borough, i = 150/(t -f 16) 
Brooklyn, The Bronx, and Queens boroughs, i = 120 /{t -f 20) 
Richmond borough,! = 8.91/f“-® 


The Board of Estimate and Apportionment uses* 

47 

^ + 8)“ 15-year frequency 

^ = (f 4 .^ 8 )“ ^6 10-year frequency 

and varies the application according to local conditions. Inlet time is 
taken as 4 min for Manhattan, 5 to 10 min., in Brooklyn, 6 in Queens, 
10 in The Bronx, and 5 to 7 or more in Richmond. Runoff coefficients 
generally used are 0 60 for Manhattan, 0.30 to 0.60 for Brooklyn, 0.44 
for The Bronx, 0 30 to 0.60 for Queens (0 10 for park areas), and 0.65 for 
Richmond. The Board of Estimate and Apportionment uses 0 65 for 
well-built areas, modifymg it according to local conditions. 

Philadelphia, Pa ®—The rational method is used. Rainfall intensity 

110 

18 taken from the formula i = —which is estimated to represent a 


storm occumng, on the average, once a year. Runoff coefficient is taken 

2 8p -j- 20 

from the formula c = ' _j_ q Q 3 where p is the anticipated density of 


^ Eenneth Allen, Sanitary Engineer, Board of Estimate and Apportionment. 
> See ourves in Fig 84, p 202. 

I John A Vogelaon, Chief Engineer, Bureau of Standards 
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population in persons per acre. The runoff coefl&cient used is never 
less than 0 30. Inlet tune is taken as 3 nun. 

Portland, Ore .^—The rational method is used. A rainfall table based 
on 60 years of record is employed in estimatmg rate of precipitation. 
Coefficient of runoff is estimated on basis of local experience, ranging 
from 0.25 to 1.00. Inlet time is taken as 5 min 

Rochester, N. 7.*—The rational method is employed, using the rainfall 
curve i = 12/i° Runoff coefficient is taken as 0.25 for residential 
districts and 0.90 for fully built-up districts, practically covered by roofs, 
sidewaUcs, and pavements. Inlet time is taken as 6 to 10 min., usually 
7 min., m residential districts. For very small areas, practically all 
roofs, the runoff is taken as 4 cu ft. per second per acre, equivalent to 4 
in per hour rainfall and 100 per cent runoff. 

St. Louis, Mo .^—The rational method is used. Rainfall is taken from 
a curve based on local records, no equation for it has been obtained. 
Coefficients of runoff range from 0 10 to 0.95 (Table 94, p ■ 291). Inlet 
time is estimated from observed velocities of flow in gutters with certain 
arbitrary allowances. 

San Francisco, Cal *—The rational method is used. Rate of precipi¬ 
tation IS taken from a curve, which indicates a rate of 1.5 in. per hour for 
10 min , 0 825 in. per hour for 30 nun., and 0 60 in. per hour for 60 min. 
Runoff coefficients are estimated from assumed future density of popula¬ 
tion, vai’ymg from 0 30 to 0.85. Inlet time is taken at from 3 to 6 min. 

Washington, D C.®—The rational method is used. Rainfall has been 
estimated from the formula i = 19/i“-®, but a curve (no formula) has 
recently been adopted showing higher rates between 35 and 106 min. 
than are given by the equation, with a maximum excess of 10 per cent at 
70 min. This curve represents rates which have been equalled or 
exceeded three times in 26 years’ record. Runoff coefficients range from 
0 60 fo 0.85. Inlet time is assumed between 5 and 12 min. 

FOR HOW SEVERE STORMS SHOULD STORM DRAINS BE 
DESIGNED? 

From an economic point of view, it is possible to compute approxi¬ 
mately the point beyond which it is more economical to allow overflow¬ 
ing and to pay or suffer the damages rather than to mcrease the size of 
storm-water drains, if it is possible to estimate satisfactorily the damage 
which may result from flooding and if information is available to indicate 
the relative frequency of storms of various degrees of severity. 

* 0. Laursaard, City Enslnoer ; 

* John F Skinnor, Doputy City Enginoer 

* W W Homer, Chief Engineer, Sewora and Paving 

* M M O'Shaughnessy, City Engineer. 

® J B. Cordon, Sanitary Enginoer, Dietiiet of Columbia 
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Practically, however, such computations are of little significance. 
Local circumstances and conditions, physical and financial, have usually 
a controlling effect upon the extent to which such drains can be designed 
to care for extreme maximum rainfalls The legal responsibility of the 
co mm unity is also an important consideration, although it should not 
be controlling, since any damage from overflowmg must be suffered by 
members of the community, if not by the entire community as a 
municipality 

The responsibihty of a city for damages of this kind is generally held 
to depend upon the character of the storm and the courts^ have held that 

rainfallB are differentiated for judicial purposes mto ordinary, 
extraordmary, and unprecedented classes Ordmary ram storms are 
those which frequently occur, extraordmary storms are those which may 
be reasonably anticipated once m a while, and unprecedented storms 
are those exceedmg any of which a reliable record is extant. The usual 
rule m determmmg the responsibihty of a city was stated many years ago 
by the New York Court of Appeals, 32 N Y 489, as follows* “If the city 
provides drams and gutters of sufiBcient size to carry off m safety the ordi¬ 
nary rainfall, or the ordmary flow of surface water, occasioned by the storms 
which are hable to occur m this chmate and country, it is all the law should 
require ” 

The question of what constitutes “ordinary” storms still remains. 
Are storms which may reasonably be expected to occur on an average 
once m 10 years ordinary or extraordinary? There seems to be no way 
of satisfactorily answermg this question and it will be necessary for the 
engineer to decide m each case what is the reasonable condition to bo 
met. The abstracts of legal decisions quoted upon the foUowmg pages 
may aid the judgment, particularly with respect to the legal responsi¬ 
bihty of a municipality for floodmg due to inadequate storm i'oins 
and combmed sewers. 

Generally, greater damage will result from the flooding of a main or 
trunk sewer than from that of a branch dram or lateral; yet the damage 
from overflowmg upon a large number of branches may be more serious 
than would result from floodmg of the main sewer. Moreover, it is 
usually simpler and less expensive to reheve or duphcate a mn.in sewer 
than to rebuild many small laterals. The additional cost of construct- 
mg the latter of ample size when first built wiU generally be relatively 
moderate, while the additional cost of a mam sewer large enough to care 
for the most severe storms may be prohibitive, particularly if it is to be 
designed to meet future conditions, which may not exist for many years 
to come. It IS, therefore, generally advisable to build branch or lateral 
sewers of the capacity which wfll ultimately be required, giving the mains 
and sub- mains a capacity sufficient to provide for the growth for some 

^Eng Record, 1912, B6, 617. 
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years, with the expectation that new relief sewers will ultimately be 
required to care adequately for the entire runoff from the district. 

ABSTRACTS OF LEGAL DECISIONS RELATING TO FLOODING 

OF SEWERSi 

Alabama, 1902.— A city for the efficiency of its sewers is bound to 
make provision for such floods as may be reasonably expected from 
previous occurrences, though at irregular and wide intervals of tune. 
{Amdt vs. City of Cullman, 31 So. 478, 132 Ala., 540) 

Delaware, 1888.—In an action for damages to property from an over¬ 
flow of a sewer during a severe storm caused, as alleged, by the insuffi¬ 
ciency of the sewer and an obstruction in it, it is for the jury to determine 
whether the injury was caused by the insufficiency of the sewer 
or any obstruction in it owing to the neglect of the city, or by the magni¬ 
tude of the storm, discharging a greater quantity of water than might 
reasonably be expected from past experience. {Harrigan vs. City of 
Wilmington; 8 Houst., 140; 12 Atl., 779.) 

Ddaware, 1893.—A city is not liable for damages caused by back¬ 
water from a sewer caused by an excessive and phenomenal rainfall 
against which the city could not reasonably be bound to provide. 
{Hesdon vs. City of Wilmington, 40 A 749 ) 

Delaioare, 1893.—The testimony of an engineer as to the necessary 
capacity of a sewer in a particular locality for ordinary occasions, is 
proper evidence of what is an extraordinary rainfall. (^Heasion vs. City 
of Wilmington; 27 Atl, 830) 

lUinois, 1897 —Where a city has provided sewers or drains of ample 
capacity to carry off all watei' hkely to fall or accumulate upon the 
streets on aU ordinary occasions, it is not guilty of neghgence m failure 
to anticipate and provide for unanticipated and extraordinary storms. 
{,City of Poona vs. Adams, 72 Ill., App. 662.) 

Illinois, 1901.— A municipal corporation must see to it that the outlet 
of its sewers is of ample capacity to carry off all the water likely to be in 
it, but it is not hable for damages caused by an extraordinary and 
excessive rainfall. {City of Chicago vs. Rustin; 99 HI, App. 47 ) 

Iowa, 1896.—The fact that a city has notice that drains constructed 
by it to carry off street surface water are insufficient, fails to use ordinary 
diligence to make such changes as appear reasonably necessary to make 
the drains serve the purpose intended, does not render the city liable for 
the resulting oveiffiow of private property where it did not accelerate the 
flow of the water, or collect the some and discharge it on such property 
otherwise than it would naturally have been discharged thereon, and 
it was not negligent either in devismg or in adoptmg the plans of the 

‘ Taken from "Amorioan DiEost, Mumdpal Corporationa " 
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draiiis. {Knostman & Petersen Furniture Co. vs. City of Davenport^ 99 

Iowa 589.) 

Kentucky, 1881.—municipal corporation is responsible for damages 
caused by the want of due care and skill in constructing a sewer, and also 
for the insufficient size or capacity thereof. {City of Covington vs 
Olennon, 2 Ky. Law Rep , 215.) 

Massachusetts, 1903 —"^ere, in an action against a city for damages 
arising from water coming on plaintiff’s premises through a city sewer, 
there was no evidence that the sewers were defective in construction or 
obstructed or out of repair and nothing to show that they were estab¬ 
lished otherwise than by persons acting as public officers under the 
statute, and the proof tended to show that the defect, if any, in the 
sewers was in the system which failed to carry off immediately a great 
accumulation of water due to a heavy rainfall, plaintiff could not recover 
{Manning vs City of Springfield, 184 Mass., 245 ) 

Minnesota, 1897 —city which, m grading a street, constructed an 
embankment across a stream, making a culvert for the water to pass 
through, cannot be held hable for damage caused by the insufficiency 
of such culvert to carry off the water during an unusual storm, unless 
such insufficiency resulted from a failure to use ordinary care or skill in 
its construction It was not required to anticipate such storms as, from 
the history of the country, would not reasonably be expected to occur, 
and if it employed competent engineers who were justified in believing 
and did believe that the culvert was of sufficient size, it was not 
neghgent {Taubert vs. City of St. Paul, Minn.; 68 Minn., 619; 71 N. 
W., 664.) 

Missouri, 1894 —^Where the negligence of a city in failing to keep its 
sewers open contributed to the damage to property, it is liable although 
the ram causing the damage was of an extraordmary character. {Woods 
vs. City of Kansas, 58 Mo. App 272.) 

Missouri, 1901.—^Where a city set up the defense that the breaking 
of a sewer was caused by the act of God manifested m an unusual rainfall, 
and there was no evidence that the sewer was defective by reason of 
improper construction and failure to repair, and that the rainfall was of 
an unusual character, it was proper to charge that if an unusual rainfall 
would have caused the breaking of the sewer notwithstandmg its defect 
then the city was not chargeable with negligence; but if the breaking 
was caused by such defects or if it was caused by such defects com¬ 
mingled and concurring with unusual rainfall then the city was liable 
{Brash vs. City of St. Louis, 161 Mo., 433 ) 

Missouri, 1903.—^Where a rain storm such as had never occurred 
before, caused a flooding of the lands from a sewer, no greater than 
would have occurred under natural conditions, the sewer having been 
scientifically built according t<j the best judgment of the engineers and 
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having a sufficient capacity under ordinary conditions, the injuiy results 
from an act of God, for which the city is not liable. (Gulath vs. City of 
St. Louis, 179 Mo., 38 ) 

New York, 1861.—There is something very Like a contract to be 
imphed from the construction of a sewer at the expense of the adjacent 
property, that it may be used to drain the property thus charged with 
its construction, and it would seem that the adjacent property holders 
have a right to open drains into it; and m a suit by such adjacent 
property holder who had opened his drain into the sewer upon 
his own responsibihty and whose premises had been flooded by backwater 
through the ch-am in a freshet, it was held that a verdict givmg him 
damages must be sustained {Barton vs. City of Syracuse, N. Y , 37 
Barb. 292 affirmed (1867); 36 N. Y., 64.) 

New York —A sewer in the city of Troy, built by the owners of land 
through which it passed and by the city where it passed through its 
streets and alleys, passed thi’ough the premises of plaintiff and emptied 
into the Hudson river Another sewer built by the city was connected 
with it One T. petitioned the common council for leave to enlarge the 
opening between the sewers. This was referred to a committee with 
power. The city commissioner, whose duty it was to look after and 
mspect sewers, authorized the change to be made. In doing the work 
T. buUt a wall across the sewer first mentioned, partially obstructmg the 
outlet, and diminishing the capacity of the sewer, by reason whereof it 
became clogged and filled up and, a storm occurring, the accumulated 
water burst open the sewer upon plamtiff’s premises, causing damage. 
T. presented his bill for the work to the common council, which was 
audited and paid. Held, that the city was chargeable with notice of 
the obstruction and was hable for the damages resulting therefrom. 
{Nims vs. City of Troy; 69 N. Y., 600.) 

New York, 1902.—Where a municipality has constmeted and main¬ 
tained a sewer adequate for aU ordinaiy purposes, it is not liable for 
inj lines to abutting owners, caused by overflow of the sewer due to a 
storm of extraordinary violence. {Sundheim&r vs. Ciiy of New York; 
79 N Y. S., 278, 77 App. Div. 63, reversed 1903.) 

Pennsylvania, 1882—In an action against a municipal corporation 
for damages for injuries sustomed by the bursting of a sewer, owing to 
its negligent construction by defendant, when it appeared that owmg to 
an extraordinary flood the breakage would have happened even if the 
negligence complained of had not existed, no damages can be recovered. 
{Bolster vs City of Pittsburgh; Leg. J 204 ) 

Pennsylvania, 1902.—The mere omission of municipal authorities to 
provide adequate mains to carry off the water which storms and the 
natural formation of the ground throw on city lota and streets, will not 
sustain an action by an owner of land, against the municipality, for 
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damages arising from the accumulation of water. (Cooper vs. City of 
Scranton; 21 Pa. Super. Ct. 17.) 

Texas, 1894.—^Where a lot owner knows that his premises will be 
flooded in ease of a heavy rain, unless a certain city drainpipe in the 
street adjacent thereto is cleaned out, and gives no notice of it and makes 
no effort to remedy the defect, he cannot recover of the city, damages 
caused by floodmg his premises during such storm. (Parker vs. City 
of Laredo, 9 Tex. Civ. App. 221; 28 S. W., 1048.) 

West Virginia, 1896 —city is not bound to furnish drains or sewers 
to relieve a lot of its surface water. (Jordan vs. CUy of Benwood, W. 
Va.; 42 W Va , 312.) 

CONCLUSION 

While the problem of determining the quantity of storm water to be 
carried by drains is still difficult and mdetermmate, much advance has 
been made during recent years in the methods of attacking it This 
has been due largely to the secunng of accurate records of rainfall, 
showing duration and mtensity. More information showing the actual 
runoff from rains of known intensity upon areas carefully studied to 
determine their local characteristics (similar to that given in the next 
chapter), and observations of the time required for the water to reach 
the sewers, is very much needed, particularly to assist the engineer in 
makmg a judicious selection of the coefficient of runoff. There is also 
need for detailed and long-contmued studies of the distnbution of rain¬ 
fall within areas of comparatively small extent, say up to 5 square miles, 
in order to furnish definite information relating to the area covered by 
heavy storms, and the rate of diminution of intensity of precipitation 
as the distance from the center increases The older empirical formulas 
have largely given way to rational methods of computation, which enable 
the engmeer to exercise his judgment more readily and design structures 
peculiarly adapted to local conditions. 



CHAPTER X 


GAGING STORM-WATER FLOW IN SEWERS 

Methods of gaging the flow of water have been referred to in Chapter 
IV upon Measurement of Flowing Water. As a general rule, weirs, 
current meters, or other measuring devices are impossible of employment 
m gaging flood flows and recourse must be had to computation of the 
discharge from observations of the depth in the sewers, and from the 
known or measured elope and known or assumed conditions, such as 
roughness, affecting the flow, although if the depth be obseiwed at a 
critical section, the slope is not an element m the computation of 
discharge 

The City of New York in 1926 installed a large Ventun flume in one of 
the sewers in Manhattan Borough which is shown in Fig 56, p. 166. It 
is probable that this will furnish moie accurate results than have previ¬ 
ously been obtained in storm-water gagings; but m some cases the 
obstruction to flow caused by such a flume or any other device would not 
be allowable. 

As storms are hkely to occur at any time, and observers cannot be 
constantly on duty, automatic recordmg gages for showing the depth of 
sewage at any moment are practically indispensable At least two of 
these are necessary in order to determine the slope of the water surface, 
which IS frequently very different from the elope of the sewer. In most 
gagings which have been made, however, but one instrument has been 
used, and tho hydrauhe slope has been assumed equal to the slope of the 
sewer, though such measurements are hkely to be considerably in error 
In addition to the recording depth gages, it is desirable to have a number 
of maximum depth gages, which show the greatest depth of sewage at 
the point of installation smee tho last observation, but give no further 
information. 

WATER-STAGE RECORDERS 

There are several kinds of automatic recording gages for showing the 
elevation of the sewage or water level at a gaging point, but all of them 
belong to one of two general types, float gages and pneumatic pressure 
gages. Recorders of either type are also applicable to weirs where a 
continuous record of the head upon the weir is desired, and some of them 
can be arranged to show on a single chart the elevation of water at two 
points, as at the entrance and throat of a Venturi flume. 
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As noted in Chap. VII upon Precipitation, it is extremely important 
that every automatic gage should have a good clock movement, that it 
should be regulated to keep correct time and synchromzed with the 
clocks of aU other gages the records of which may be studied jointly. 
If the clocks were furmshed with dials, the regulation and synchronizing 
would be greatly simplified, but few of the gages now on the market have 
such dials. Electrical operation of the clocks may be practicable on 
large works where several gages are employed. 



L 





1 




Fig. 96.—Au water-stage recorder. 


Float Gages. In gages of this type, a float contained in a pipe or other 
smtable guide in which the sewage stands at the same height as in the 
sew®, K connected with a recording apparatus through the medium of a 
cord, chain, tape, or by a stiff rod or tube. 


The Au water-stage recorder, shown m Fig. 96, is made by Julian P. 
Fnez & Sons, Bdtoore Md. It consists essentially of a float from 
winch the rise ^d faU of the water surface is transmitted to a float wheel 
u^g two cables and a counterweight; a device operated by the float 
wheel for reducmg and transferrmg the motion of the float wheel 
and recording it on ^e record sheet; and a mechanism for carrying 
and dnvmg the record sheet. The recorder is covered by a metal caJ 
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with glass top Its dimensions are 11 by 12 by 26 in and weight 60 lb. 
The smallest well that will accommodate the float and counterweight 
is about IS in. in diameter. Changes iii stage of the water surface are 
transmitted to the record sheet thi’ough the float wheel, the shaft of 
which carries two driving geara each engaging a horizontal movable 
rack that cames a pencil for making a graph of the rise and fall of the 
water surface on the record sheet. The effective length of run of each 
rack is 10 in. which is the width of the record sheet. The first rack 
Carnes the pencil wluch records fluctuations of low water; the second, 
that for higher stages. If only a small range has to be covered, but one 
rack is needed. By combimng different sizes of float wheels and driving 



Fig. 00.—Stovous water-stage recorder. 


gears, ranges in height of water from 5 to 40 ft. may be accommodated. 
The recorder is provided in six models for various time scales, ranging 
from 1.2 m to 28 S in. for one day. It should be noted that the ease and 
accuracy with which a record can be read depends on the relative magni¬ 
tude of the height and time scales as much as on the individual magni¬ 
tude of either 

Stevens Water-stage Recorder.—In this instrument (Fig. 96), the 
pencil is moved horizontally by a belt controlled by a wheel over which 
a cord from a float passes. The record is made upon a horizontal 
cyhnder around which a sheet of paper is made to revolve, being reeled 
off from one roll and on to another, so that it is possible to use very long 
sheets of paper and keep continuous records for long periods of time 
without renewing the record sheet. A mechanism is also provided by 
which the motion of the pencil carriage is reversed after reaching the 
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limit of its motion in one direction, and in this way it is possible to 
record an unlunited range in elevation without reduction of the scale. 
The time scale of the Type 6 recorder, which is especially designed for 
sewer gagings, is 0.6 m. per hour. Any desired scale of gage heights can 
be furnished. A scale of 5 in. to the foot may be provided where great 
accuracy is required, and where the fluctuations do not exceed 4 ft. 

The spring-driven clock movement may be replaced by one driven by 
a weightj in case there is sufficient space available for the movement of 



Fig. 97. —Gurley water-stage register. 


the weight. An electrically actuated recorder, located at a distance 
from the float chamber, can also be provided. This instrument is made 
by Leupold, Voelpel & Co. of Portland, Ore. 

Gurley Water-stage Register, i—The instrument shown in Mg. 97 is 
planned to show fluctuations in water level to natural scale, while the 
time scale may be as large as 8 m. to 24 hours. The pencil is driven 
horizontally by means of the clock, while the cyhnder is rotated as the 
float rises or falls. By the use of sprocket wheels of other sizes, the 
depth scale may be varied and smaller time scales are possible by chang¬ 
ing the pitch of the driving screw. A weight-dnveu clock may be substi- 

1 Made by W. 4 L E Gurley, Troy, N T. 
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tuted for that driven by spring and electrical transmitting and recording 
apparatus can bo provided by which this record can be kept at a 
distance from the float chamber. This gage is equipped with a clock 
dial to facilitate regulation. 

Builders Iron Foundry^ Water-level Recorder.—In this gage the cord 
from the float moves an arm carrsdng a pen in front of a circular chart, 
which is rotated by clockwork (Fig. 98). The pen accordingly moves in 
a circular arc and the time scale varies with the position of the pen The 



Fig. 98. —Wator-lovel recorder (Builders Iron Foundry). 

instrument is enclosed in a cast-iron box mounted upon a hollow stand¬ 
ard through which the float cord passes It is made m two sizes, having 
8- and 12-in. dials. 

Obviously, with this gage, the scale of heights as recorded upon the 
chart will depend upon the range to be covered and the size of the chart. 
A rectangular chart is not necessary for records of this kind, and the only 
disadvantage of this form of record is that the time scale is unduly small 
when the pen is in its lowest position. 

Builders Iron Foundry, m some cases, also has constructed a modifi¬ 
cation of the recording instrument of the Venturi meter for use with a 
1 Fiovidenoe, B. I. 
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float, to indicate and record directly the rate of flow over a weir, and also 
to integrate these rates and show on a recorder the total quantity passed 

Pneumatic Pressure Gages.—In these gages a diaphragm box or 
pressure chamber is immersed in the liquid and the changes in pressure 
resultmg from the rising or falling surface are transmitted through a 
small pneumatic tube to a recordmg appai’atus located at any convenient 
pomt. 

Figure 99 shows an instrument of the diaphragm type It is made for 
either 8- or 12-m charts. These mstruments are made by The Foxboro 
Company of Foxboro, Mass., and by The Bristol Company of Waterbury 
Conn. 



Fig. 99 —Diaphragm pressure gago. 


NONRECORDING GAGES 

Staff Gage. For comparatively rough measurements by direct 
observation, staff gages set directly m the water may sometimes be used. 
Their accuracy is no greater than that of a float gage, and as their use 
requires the constant presence of an observer, they are seldom of service 
in gagmg storm flow m sewers. 

Point Gage.—Accurate determination of the elevation of the water 
surface may be made by means of the point gage, one form of which 
consists of a plumb bob suspended by a fine wire, which posses ovor a 
wheel at the end of an arm held honzontally over the water. By a 
smtable scale marked on the horizontal arm, readings are obtained by 
lowering the plumb bob until it just touches the water. When the detor- 
mmatioM have to be made m dark or inaccessible places, so that tlie 
pomt of the bob cannot be seen, an electrical contact may be brought into 
use In this arrangement one pole of a battery is connected to the wire 
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carrying the plumb bob, while the other pole ifl oonnected through a 
debcate galvanometer to an iron cybnder surrounding the plumb bob and 
inserted in the water, thus forming a “stillmg box.” When the plumb 
bob touches the surface of the water, sufficient cui’rent passes to deflect 
the galvanometer which is placed at some convenient point near the 
scale board.^ 

It is also possible to make accurate measurements to the water surface 
from a considerable height, by swinging the bob and noting the measure¬ 
ment when the point just cuts the surface of the water. 

Hook Gage.—The most accurate gage is the hook gage, invented by 
Boyden about 1S40. This takes advantage of the surface tension of 
the water surface and consists, as the name implies, of a hook attached 
to a rod carrying a scale, which may be moved up and down or clamped 
to a supporting contrivance provided with a slow-motion arrangement 
and vernier The gage is operated by lowering the rod until the point 
of the hook is below the water surface; the rod is then raised slowly until 
a protuberance on the water surface is noted just over the point of the 
hook. The pomt of the hook does not break the surface of the water 
immediately, but carries the shrface film up with it and the beginning of 
this phenomenon can be noted accurately by watching the reflected Light 
upon the surface. In a good hght, with suitable verniers, differences as 
small as 0.0002 ft can be determined. 

A gage of this character, known as the Boyden hook gage, is on the 
market. This gage has a frame of wood 3 ft. long by 4 in. wide, in a 
rectangular gi'oove in which is made to slide another piece carrying a 
metalhc scale graduated in feet and hundredths from 0 to 2 ft. Con¬ 
nected with the scale is a brass screw passing through a socket fastened 
to another sliding piece, which can be clamped at any pomt upon the 
frame and the scale with hook moved in either du’ection by the nulled 
nut or slow motion screw. The scale is provided with a vermer which 
enables the setting to be read to thousandths of a foot. This gage has 
a number of disadvantages, particularly when used in connection with 
sewer gagings. The most serious are: (1) The material is largely wood, 
which is objectionable for permanent installations in damp places 
(2) The zero and vernier of the gage are at one end of the instrument, 
while the slow-motion screw is at the other end, thus making it very 
awkward in operation. 

A much more satisfactory type of hook gage is the Emerson gage, 
illustrated in Church's “Hydraulic Motors.” This instrument is 
accurate, durable, and convenient to use, but is heavy, not very portable, 
and decidedly expensive. 

Acting on suggestions from Metcalf & Eddy, W. & L. E. Gurley have 
placed on the market the hook gage shown in Fig. 100. This is con- 

^ Bng Reo , 1013; 66, 192. 



346 


AMERICAN SEWERAGE PRACTICE 


Btmcted wholly of noncorrosive metal, is light, strong, and has an 
adjustable hook. A clamp permits its rapid adjustment to any position 
within the hmits of the rod while a slow-motion screw adjacent to the 
vernier allows the desired accuracy of setting. 

The Pacific Flush Tank Co. also makes a 
simple hook gage of all-metal construction. 

Stevens Weight and Hook Gage.—This 
simple indicating gage (Fig. 101) consists 
essentially of a reel on which is wound a 
graduated metal tape. The zero end of the 
tape 13 fastened to the reel while the other end 



Fig. 100. Hook gage Bug- Fig 101 —Stevens weight nnd hook gage, 
geated by authors. (Ourley ) 


is fastened to the weight hook. Thus, the graduations read downward 
toward the water. 

The hook is shaped like a two-pronged anchor On the tips of the 
prongs are two adjustable brass pomts. These points are alwa}^ in a 
level line, the weight bemg symmetrical and well balanced. 

i^d®^ is conveniently fixed to the reel base and always points to 
the correct gage height when the tips of the hooks are at the level of the 
water surface. 

Where errors might result from lowering the “anchor" into the water, 
aa m a stream with high velocity, the instrument may be used as a point 
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or weight gage, noting when the point on the bottom of the weight first 
cuts the surface of the water. 

Maximum-flow Gages.—In its simplest form, a maximum-flow gage 
consists of a strip of wood held securely in a sewer in a vertical position 
and so coated that it will show at a glance how much of the strip has 
been submerged at any time since it was put in olace. 
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Fio. 102.—Maximum sewage flow gage (Cmoinnati) 


Varhca! Saetion. 


The first maximum gages consisted simply of strips of wood coated 
with whitewash and fastened firmly mto the manholes Later, to make 
more certain the determination of the point to which the sewage had 
risen, sand was unbedded in the whitewash and mucilage was used to 
help retain the sand, it being supposed that the sand would fall away 
from the portions which had been wet. 

Such gages have not proved generally satisfactory, owing principally 
to the effect of the moisture in the sewer air, which affects the coating, 
so that it gradually disappears, or else it absorbs so much moisture that 
the water line cannot be clearly distinguished. 
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)tlier washes have been tried, in an attempt to obtain a coating which 
Id be used satisfactorily, but the degree of success attained is not high. 
3 authors have found that a wash composed of soap, corn starch, and 
thylene blue applied to the brickwork of a large sewer, is satisfactory 
indicating the height reached by the water, if the coating is faii-ly 
ih After a week or so, however, the coatmg deteriorates so that it is 
longer possible to dietinguiah the water hne with certainty 
The illustration (Fig 102) shows a maximum-flow gage which was 
used by the sewerage engmeers of the City of Cincinnati (H S. Morse, 
gineer in Charge) to overcome these defects. It will bo noticed that 
clamp the rod firmly m place it is put inside a 3-in steel pipe secured 
an upright position, with opemngs near the bottom to allow the 
rage in the pipe to rise and fall with that in the sewer. The rod itself 
supported by a wood screw held by a “bayonet joint," a slot in the 
)e having a nght-angled change of direction. The rod itself carries 
eries of vials so fastened that then mouths are 1 in apart vertically, 
is therefore obvious that the sewage has been at least as high as the 
;hest vial which is found filled; and it is only necessai’y to invert the 
i, empty the bottles and then replace the rod, to have the gage ready 
another observation. This gage has proved satisfactory under ordi- 
ry conditions, but the results were not satisfactory when velocities 
later, than 8 ft per second were encountered A similar gage has been 
3d at Pawtucket, E. I, by George A Carpenter, City Engineer. 

In Boston, Mass., maximum sewer gagings are recorded by a circular 
X float, with a central opening through which a vertical guide rod runs 
le fit is a very loose one, but a pan of sheet brass springs attached to 
3 float press hghtly on the guide and hold the float at the highest 
ivation to which it is bfted. 

SETTING SEWER GAGES 

Local conditions will determine the locations of the points at which 
ges should be established It is, however, always necessary that tlie 
ver for a considerable distance upsti’eam and for a less distance 
low the gage should be in such condition that the quantity flowing can 
computed from the depth in the sewer. If the computation of flow is 
be made by Kutter’s or a similar formula, the cross-section and slope 
jst be uniform, there must be no curves, no inlets or obstructions to 
use disturbance in the flow, and the condition of the interior should bo 
Lown so that a coeflhcient of roughness can be applied with a good 
gree of accuracy. Moreover, the velocity of flow in the sewer should 
t be great. In order to be sure of the results, it is necessary to have 
ges at each end of such a stretch of sewer, to determine the slope of the 
iter surface. 
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If it is possible to locate a gage at or a short distance above a section 
which will be a critical section' under all possible conditions of flow, this 
will generally be the most advantageous thing to do. At a cntical sec¬ 
tion, the discharge is a direct function of the depth of flow, and uncer¬ 
tainties may be ehminated in large measure if gagings are made in this 
way 

In laying out a new sewer, it will generally be possible to locate a 
critical section at any desired point, by flattemng the slope above and 
steepening it for a short distance below the location selected The 
steeper slope must be steep enough to constitute a chute. Under some 
conditions a drop manhole may be used instead of a chute. When gag¬ 
ings are to be made in an existing sewer, the problem is more difficult. 
Sometimes it may be possible to select a point where the slope changes, 
but where the inclination of the lower section is not steep enough to 
constitute a chute, and ai’tificially provide a cntical section by the con¬ 
struction of a low dam in the sewer In such a case the effect of back¬ 
water resulting from the dam must be considered, and it will also be 
necessary to make sure that the section will remain a critical section at 
high flows as well as at low ones. 

Gaging apparatus should be installed in a separate chamber or gaging 
manhole at one side of the sewer, to protect the instruments and make 
them easily accessible for observation or adjustment. This chamber 
should be connected with the sewer so that water will stand in the cham¬ 
ber at the level of the sewage in the sewer It is desirable to have a 
small flow of clean water into and tlmough the gagmg chamber and 
thence to the sewer, in order that the hquid surrounding the instruments 
or floats shall be water and not sewage, thus avoiding clogging and 
derangement, as well as rendering the chamber a much pleasanter place 
to enter than it would be if partly filled with stagnant sewage. 

An excellent example of a special gagmg chamber oi manhole is shown 
in Fig. 103, an illustration of the chamber constructed by the sewer 
division of Cincinnati. This is arranged for a gage of the diaphragm 
type, from which the pressure pipe will be conducted through a wrought- 
iron pipe to a recorder in an iron box mounted at the curb or in a house 
If a float gage were to be used, it would be necessary to locate the 
recorder within the chamber, upon a post, or m a building directly over 
it. The location within the chamber is objectionable, owmg to the 
rapid coiTosion of the clockwork and other parts of the instrument, as 
well as to the effects of moisture upon the paper chart. Where the sewer 
is m a street, it is usually not possible to locate a building or even an iron 
post and box directly over the float chamber, unless the latter is extended 
so as to lie at least partly under the sidewalk While the design of the 
gagmg chamber is good, the connection between it and the sewer may 

1 See p 102. 
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possibly bo criticized, because it is not normal to the inner surface of the 
sewer, as a true piezometric connection should be. Any probable error 
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!PiO. 103.—Gaging ohamber, Cinoinnati sewerage system. 


from this source would be less than the limits of accuracy of measure¬ 
ments with gages of this type 
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ACTUAL MEASUREMENTS OF STORM-WATER FLOW 

It must be admitted that the determination of the runoff factor from 
actual gagings is extremely unsatisfactory. Only a limited number of 
such gagings have been made and even the beat of these leave much to 
be desired, the coefficients deduced from them can be considered only as 
approximations. Nevei-theless, these measurements are of much 
importance, not only because they furnish tlie only expenmental deter- 
imnations of the runoff factor which are to be had, but because a careful 
study of them aids materially in trammg the judgment and in arrivmg 
at a clear and full conception of the problem. 

In the present state of our knowledge, only sound judgment based upon 
experience and clear thinking, with a full conception of the various parts 
of the problem, can be relied upon for the selection of factors to use 
in the design of storm-water conduits, because the existing gagings are 
lacking in the determination of important elements and the characteris¬ 
tics of districts are constantly changing with the growth of cities, so that 
a coefficient which might be applicable today will be totally insufficient 
for conditions hlcely to exist in the near future. 

For an exact analysis of the relation between precipitation and runoff, 
it IS necessary to know the true rainfall upon the district drained, includ¬ 
ing the distribution of ramfaU over the entire area at all tunes during 
the storm, and the true storm runoff, including not only the quantity 
flowing past the gaging point at all tunes duiing and immediately before 
and after the storm, but the amount which could have been concentrated 
at this point if the conditions had been favorable. For instance, if the 
ciitical precipitation comes at the beginning of a storm when the flow in 
the sewers is small and the velocity of flow slight, a very considerable 
portion of the runoff from the surface will be required to fill the sewers. 
In this case, the velocity of flow will be small, the time of concentration 
will be long, and the actual maximum rate of flow in the sewer will be 
materially less than the real rate of runoff. If, on the other hand, the 
critical precipitation occurs after a long period of moderately heavy ram, 
particularly if accompanied by melting snow, when the storage space in 
the sewers is largely filled and the velocity of flow is at a maximum, the 
quantity actually flowing in the sowor will represent very nearly the true 
runoff from tho storm and the time of concentration will be a minimum. 
Whether or not the storm-water inlets are adequate to admit water mto 
the sewer as rapidly as it reaches them is also of importance. 

RainfalL —The true rate of precipitation upon the distnet gaged must 
be known for each instant during the storm. If the district is a small 
one, a single recording rain gage near the center of the area may be suffi¬ 
cient ; otherwise several such gages will be required, distributed over the 
area, since the intensity of rainfall frequently vanes widely in compara¬ 
tively short distances. It is extremely important that the gage clocks 
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be carefully adjusted to keep correct time and to agree with one another 
and with those of the sewer gages, otherwise the deductions drawn from 
the records of several gages, and also those relating to time of concen¬ 
tration as shown by a compai’ison between rain and sewer gages, may be 
matenally in error. 

The matter of travel of the storm is also of importance. It is evident 
that if downpour begins at the most distant point of the drainage area 
and travels toward the outlet, the resulting maximum flow m the sewer 
will have progressed some distance before the portions of the district 
nearest the outlet begin to contribute water The result is a decreased 
time of concentration for such storms and an increased runoff as com¬ 
pared with a storm of uniform intensity over the entire district Storms 
in which the travel is m the reverse direction would have the opposite 
effect. 

It IS obvious that travel of storms can only be determined by a number 
of gages smtably located and with the clocks carefully regulated So 
far as is known, no records which throw hght upon this subject are to 
be had. 

It is evident that where the rainfall record is that of a single gage, 
particularly if at a distance from the sewer district gaged, the inferences 
relating to time of concentration, area tributary at time of maximum 
discharge, and runoff factor may be considerably in error 

Measurement of Runoff.—In the great majority of cases, the estima¬ 
tion of flow has been accomplished by computing the quantity flowing 
in the sewer, by Kutter’s formula, usmg an assumed value of the coeffi¬ 
cient of roughness, and assuming the slope of water surface parallel to 
the invert of the sewer, an automatic gage being used to record the depth 
of flow In many cases, the resulting estimated runoff may be far from 
the truth Horner^ has found that: 

There are marked differences between the grade of the sewer and the 
water-surface grade For example, in a 9-ft sewer for one ram a depth 
of flow at one pomt of 4}^ ft was observed; 1,000 ft. downstream the depth 
was leas than 4 ft, though several tributones entered between, while 600 ft. 
further downstream the depth was over 6 ft. The sewer is uniform 

os to grade, size, and condition The most reasonable explanation of these 
gagmgs is that the flow at the upper and lower gages is disturbed, m the case 
of the upper gage, by a curve 200 ft. upstream, and of the lower by a 3-ft. 
lateral dischargmg mto the mam sewer nearly at right angles 100 ft. above 
the gage 

The fact that storage m the sewers may result in a rate of flow much 
less than the rate of storm-water runoff has already been referred to. 

Extent of Drainage Area Tributary.—Some of the mmor flood flows 
gaged may have been derived from areas less than the ,whole drainage 

* Jow. Feat 8oc Eng , 1013, 18 , 703. 
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area at the particular gaging point Uncertainty as to the extent of the 
drainage area actually contributing to the flow, corresponding time of 
concentration, and rate of rainfall producing the flow, leads to doubt as 
to the correctness of the runoff coefficients derived. 

Characteristics of Sewer District Gaged.—Fmally, bearing in mind 
possible inaccuracies in the determination of the coefl&cient of runoff, it 
it necessary to know accurately the characteristics of the district in 
order to form an opinion of the appheability of the coefl&cients to other 
districts These characteristics are of three classes, permanent, semi¬ 
permanent, and temporary. 

The principal characteristics which may be classed as permanent are 
the size and shape of the district, the surface slopes, and the character of 
the soil. Even these are not absolutely permanent, as they are Sll sub¬ 
ject to alteration if extensive grading operations should be undertaken. 

Semipermanent characteristics, those which change but slowly, are 
the extent and kind of the impervious or nearly impervious surfaces, 
such as roofs and pavements, the extent to which the district is sewered, 
and the sizes and grades of the sewei’s. The last items are particularly 
important in their relation to velocity of flow and to storage in the 
sewers 

Temporary characteristics relate to conditions existing at the time of 
gaging, which may be modified radically within a period of a few hours 
The most important are those relating to the condition of the ground 
and roofs, whether and to what extent they are wet or dry, frozen, or 
covered with snow or ice. Other conditions of minor importance are 
temperature and wind. 

Inlet Time .—A matter of considerable importance in this connection, 
and one about which dofimte information is very incomplete and unsatis- 
tory, is the “inlet time,” or time required for the water falling upon the 
surface to reach the inlets or catch basins. In many cases, particularly 
for the smaller districts, the inlet time may constitute a large percentage 
of the total time of concentration. So important is tliis matter that the 
Sewer Department of St. Louis started a special investigation in 1913 to 
determine the time of inlet and the quantity of runoff for individual 
drainage districts. 

Two special cases have been token for the work, one an area consisting 
principally of backyards and alloys in which the slope is slight, the other a 
whole block closely built and having steep grades. The inlets have been 
reconstructed, and a chamber containing a V-notch weir built under the 
street between inlet and sower Bristol gages are installed to measure head 
on the weirs. All adjacent inlets have been enlarged and arranged so that 
no water can cross over from one inlet area to another, even m the heaviest 
rains; the exact extent and character of the inlet areas have been plotted. 
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The values of the runoff factor from these small areas will be of great service 
in analyzmg the results from gages m the sewers ^ 

Records of Measurements.—Having called attention to the defects 
to which all the recorded storm-water gagmgs are subject in greater or 
less degree, it may be well to reiterate that, notwithstanding their imper¬ 
fections, these gagmgs are still of importance and should be studied care¬ 
fully. It is much to be desired that the number of gagmgs should be 
increased, particularly for small districts, and that uncertainties and 
unsatisfactory conditions such as those attending the eai'her measure¬ 
ments, be eliminated as far as possible. The work now (1928) in prog¬ 
ress in several locations, especially in St Loms and New York City, seems 
to offer promise of more extended and more precise information m the 
future. The first step in the acquisition of complete and accurate data 
must always be the recogmtion and avoidance of all possible sources of 
error and uncertamty. 

W. W. Horner,® who is in charge of the work at St. Louis, has stated: 

In the matter of percentages of runoff, or of rates of runoff for particular 
intensities, the wnter feels that httle progress has been made Engineers 
are stdl deahng almost entirely with arbitrary values, or, m a few instances, 
with values based on personal expenences. Published gagmgs on existmg 
sewer districts are few, and many of the records are faulty 

Even where the records are unquestionable, the results for diffeient storms 
vary so widely that engmeers have not yet been able to make them conform 
to a definite theory. The wnter has no doubt that, as such records multiply, 
accompamed with aJl the mformation which may be of interest as affecting 
runoff, some definite values wdl be developed. 

The studies of the first 3 years of gagmgs m St Louis were rather dis- 
couragmg and the matter was laid aside for the accumulation of further data. 
With records for 10 years now available, it is agam hoped that some law of 
variation m runoff wdl become discernible. These gagmgs, like most of 
those heretofore recorded, deal with the runoff of mixed urban areas of from 
20 to 600 acres in extent. The wnter has long felt that the analysis of these 
records would be much simphfied by a study of the runoff of small plots of 
uniform character. In an effort to secure such data, the runoff from single 
blocks IB bemg studied m St. Louis, and it is also proposed, m the near future, 
to ma ke a study of the runoff on large roofs To complete this series, obser¬ 
vations wdl be made of the runoff from Hmall plots of natural sod. 

It is particularly to be borne in mind that in the determination of the 
runoff factor it is necessary in most cases to assume the tune of concen¬ 
tration and take the rate of precipitation corresponding to this time for 
comparison with the maximum rate of runoff. Material errors in the 
coefficient jnay result from erroneous estimation of the time of concentrar 
tion, which is not constant for a given sewer district. 

1 Eorkeib, Jour West Soc Eng , 1913,18, 703. 

> Trana Am Soc. C B , 1022, 80, 133 
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Coefficients greater than unity may occasionally result from combinar^ 
tions of frozen ground, melting snow and the hke, but are more likely to 
indicate that the time of concentration has been over^timated. 

Progress reports on gagings of storm runoff in a section of Brooklyn, 
N. Y., containing about 200 acres of which 18 per cent is pervious, 20 
per cent semi-pervious, 62 per cent impervious and 10 per cent 
undrained, show the ratio of runoff to rainfall during 24 storms in 1926. 
Some of these storms lasted for periods less than the time of concentra¬ 
tion, yet in a few of them the coefficients of runoff were as high as in 
longer storms. The general range of coefficients was approximately 
from 0 36 to 0.62, with an apparent normal coefficient of about 0.60.^ 

Table 109 contains the most important data relating to all gagings of 
storm-water flow in sewers wliich have come to the attention of the 
authors. Additional data are, in most cases, given m the original pubh- 
cations, to which leference may be had for further details. The wide 
fluctuations in the resulting value of c for each sewer on which a number 
of gagings were made probably lesult pai'tly from using the minimum 
(computed) value of the time of concentration, instead of the actual time 
for the particular storm; partly from using storms which did not last 
long enough for the entme area to contribute to the flow; and partly 
from causes not known. 

Runoff from Small Plots .—A long series of experiments upon the runoff 
from natural earth surfaces was made for the Miami Conservancy Dis¬ 
trict in the years 1916 to 1919, by Ivan E Houk, under the direction of 
A. E. Morgan, Chief Engmeer The actual surface runoff of plots 5 ft. 
square was collected in tight cans, the plots bemg suiTounded by sheet- 
metal barriers. 

Two senes of experiments were made The first, called the Moraine 
Park experiments, were made on four plots about 5 miles south of Day- 
ton. Two of them were nearly level, the other two on a hiUside; one of 
each pair was covered with sod, the other bomg stripped. The surface 
son consisted of a yellow sandy loam containing some sand and gravel. 
A standard rain gage was located near each pair of plots and the pre¬ 
cipitation and amount of water coUocted in the cans was measured after 
each storm. The comparison is therefore between total rainfall and 
total runoff and not between rates of rainfall and runoff. 

The other series of experiments were made in 1920 on the same plots 
p-nd on four similar plots near the Taylorsville Dam, two in the bottom of 
the valley, where the soil is a rich black alluvial deposit underlaid by 
glacial tfll, and the other two on the top of the hill near the end of the 
dam, where the soil is a compact yellow-clay till Some vegetation was 
present on one plot in the valley and on bo^ plots on the hill. The 
effect of various rates of rainfall was approximated by applying defimte 

> Public Works, 1027, 68. 429 
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quantities of water in fixed times by means of ordinary garden watering 
pots 

The most important results of these experiments are given in Tables 
110 and 111 below 

Table 110 contains the percentage of rainfall collected in all the 
Moraine Park experiments in which the depth collected from any one of 
the four plots exceeded 1 m It shows that the effect of slope was 
comparatively slight, while the effect of surface cover was very marked, 

Tablid 110.—Effect of Slope and Surface Cover on Runoff 
IN Moraine Park Experiments 


Runoff in per cent of rainfall 


Date 

Rainfall, 

inohes 

Sod cover 

Bare soil 



Level 

Slopmg 

Level 

Slopmg 

Aug. 18, 1915. 

4 22 

14 

32 

38 

41 

June 3, 1916 . . 

1 99 

0 

2 

60 

56 

Aug. 7, 1910 . ... 

3 63 

0 

7 

43 

27 

Sept 6, 1916 . . 

4 32 

0 

1 

44 

38 

Jan 8, 1917 . . . 

2 04 

0 

0 

51 

20 

June 11, 1917 

2 77 

0 

0 

39 

26 

June 30, 1917 . 

2 90 

1 

1 

60 

67 

Aug. 26, 1917 

3 04 

1 

0 

46 

60 

Feb. 11, 1918 . 

5 26 

44 

52 

68 

49 

Feb. 26, 1918 .. 

2 64 

0 

6 

68 

15 

July 23, 1918. , 

3 11 

1 

4 

71 

71 

Sept. 26, 1918 . 

3.54 

0 

0 

33 

35 

Aug. 25, 1919 ... . 

2 56 

0 

13 

67 

68 

Average 


5 

11 

61 

43 

The most important 

conclusions 

drawn from the Moraine Park 


experiments, as far as they relate to surface runoff are— 

That for extremely small areas, such as the Moraine Park plats, the 
occurrence and amount of runoff are affected much less by surface ^ope than 
by surface cover. 

That appreciable surface runoff frequently occurs duiing intense summer 
storms when the upper 6 m. of soil ore not nearly saturated. 

That surface runoff does not occur dunng some less mtense storms, even 
though the ground is saturated. 

That water con be absorbed by the bore soil at times when the soil is 
unusually diy, at a rate as great as 1.00 in. per hour for mtervals as long as 
30 min. 
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Tablb 111 —Runoff Coefficients in Sprinklinq Experiments of 
Miami Conservancy District on 6-ft Square Plots at Moraine 
Park and Taylorsville 





Rato of 

Rate of 


Experi¬ 

Run 

number 

Length 

rainfall, 

runoff. 

Runoff 

ment 

of run, 

inches 

inches 

ooeffi- 

number 

houiB 

per 

hour 

per 

hour 

oient 


Time 

bcforo 

runoff 

beenn, 

min¬ 

utes 


Condition of soil ut 
beginning of 
oxpenmont 


Level Bare Soil Plot at Moraine Park 


1 


3 


4 


2 


6 


g 


1 

0 84 

4 06 

1 86 

0 46 

2 

Dry and looso 

2 

0 go 

2 10 

1 11 

0 63 

3 


3 

0 44 

1 12 

0 40 

0 41 

2 


4 

0 21 

0 81 

0 44 

0 64 

4 


6 

0 86 

0 77 

0 36 

0 47 

6 


6 

0 68 

0 27 

0 04 

0 16 

30 


7 

0 31 

0 18 

0 00 

0 00 



8 

0 26 

3 11 

1 76 

0 66 

1 


g 

1 10 

3 26 

2 66 

0 70 

6 

Trampled and paokod 

10 

0 ga 

3 33 

2 08 

0 00 

1 

hard; dry 

11 

0 gi 

3 64 

3 16 

0 00 

2 

12 

1 70 

1 70 

1 67 

0 02 

10 


13 

1 36 

0 SO 

0 77 

0 82 

6 


14 

0 74 

0 54 

0 48 

0 80 



15 

0 70 

0 26 

0 17 

0.66 




Sloping Bore 

Soil Plot 

at Moraine Park 


16 

1 26 

3 20 

2 30 

0 72 

4 

Dry and loose 

17 

1 06 

3 41 

2 60 

0 70 

1 

18 

1 00 

3 41 

2 70 

0 82 

1 


10 

2 18 

1,84 

1 38 

0 76 

2 


20 

1 32 

0 01 

0 68 

0 64 

2 


21 

0 72 

0 66 

0 27 

0 40 

0 


22 

0 73 

0 28 

0 06 

0 18 

6 



Level Sod-oovercd Plot 

at Moral n 

e Pork 


23 

0 40 

4 17 

0 00 

0 00 


Dry and very looso 

24 

0 43 

14 4 

0 4 

0 03 

42 

26 

0 17 

20 4 

7 4 

0 36 

2 



Level Sod-covered Plot in Valley at Taylorsville 

1 

1 28 

3 12 

1 00 

0 64 

3 

Dry and hard 

2 

0 04 

3 18 

2 76 

0 86 

2 

3 

0 00 

3 02 

2 60 

0.80 

1 


4 

1 78 

1 60 

1 10 

0 71 

4 


6 

1 36 

0 88 

0 66 

0 64 

6 


a 

0 77 

0 62 

0 21 

0 40 

0 


7 

0 72 

0 28 

0 02 

0 07 

0 


8 

A 

1 74 

3 46 

2 30 

0 60 

7 

Unusually dry and 

V 

1 A 

0 03 

3 23 

2 68 

0 83 

3 

hard; some oraoks 

10 

0 88 

3 40 

2 03 

0 86 

1 
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Table 111 —Runoff Coefficients in Sprinkling EIxpbrimbntb op 
Miami Conservancy District on 5-pt Square Plots at Moraine 
Park and Taylorsville.— {Continued) 


Experi¬ 

ment 

number 


Run 

number 


Length 
of run, 
hours 


Rate of 
rainfall, 
inolies 
per 
hour 


Rato of 
runoff, 
inches 
per 
hour 


Runoff 

oocHi- 

clcnt 


Time 

before 

runoff 

began, 

niin- 

utoB 


Condition of soil at 
beginning of 
experiment 


Level Boro Soil Plot in Valley at Tiiylors\nllc 


II 

I SS 

3 73 

1 40 

0 40 

22 

Dry and loose, spaded 

12 

I 38 

3.03 

2 10 

0 00 

2 

and raked 

13 

2 14 

1 S7 

1 01 

0 54 

0 


14 

I 16 

1 04 

0 61 

0 40 

3 


16 

1 0 00 

0 68 

0 10 

0 33 

5 


10 

0 67 

0 41 

0 06 

0 15 




Level Wood-ooverod Plot on 

niU at Tnyloravllle 

17 

0 92 

3 40 

3 10 

0 80 

3 

Dry and hard 

18 

0 00 

3.43 

3 22 

0 04 

2 


19 

I 01 

3 30 

3 10 

0 06 

1 


20 

2 II 

1 00 

1 01 

0 85 

3 


21 

I 10 

1 01 

0 80 

0 SO 

3 


22 

0 00 

0 68 

0 42 

0 72 

0 


23 

0 05 

0 31 

0 14 

0 45 

0 


24 

I 31 

1 63 

0 58 

0 38 

18 

Unusually dry and 

26 

1 32 

1 61 

0 84 

0 60 

3 

hard, some oraoks 

20 

1 28 

1 60 

1 02 

0 06 

0 



Sloping Wood-oovorod Plot on Hill at 

Taylorsville 

27 

1.08 

3.32 

2 77 

0 S3 

3 

Dry and hard 

28 

0 04 

3 40 

3 03 

o.se 

1 


20 

0 05 

3 38 

3 04 

0 00 

1 


30 

1 01 

1 00 

1 40 

0 79 

3 


31 

1 23 

0 97 

0 72 

0 74 

2 


32 

0 02 

0 04 

0 42 

0 00 

0 


33 

0.40 

0 41 

0 20 

0 40 

0 


34 

1 33 

3 00 

2 01 

0 73 

6 

Unusually dry and 

35 

0 90 

3 73 

3.03 

0 81 

2 

hard; bo mo oraoks 

30 

0 03 

3 80 

3.42 

0.88 

1 



That wator cannot bo absorbed by the bore soil at any tune, no matter 
how dry it is, at a rate as great os 3.00 ui. per hour for ponods as long as 
5 min. 

Table 111 contains the pnncipal data relating to runoff, as shown by 
the sprinkling experiments They are believed to be especially signifi¬ 
cant as showing the runoff from saturated soils. Although the soil was 
comparatively dry at the beginning of each experiment, it soon became 
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saturated to such a depth that runoff began. By the end of the first 
run, the soil was saturated to such an extent that the rate of runoff 
caused by a given rate of precipitation was practically constant. The 
rates of precipitation were very high. It is to be noted that a reduction 
in the rate of precipitation in the last runs of an experiment was accom¬ 
panied by a reduction in the coefiScient of runoff. 

The time necessary to produce a runoff at the lowest corner of the 
plot is also of signiBcance, particularly in view of the small size of the 
plots. 



CHAPTER XI 


SEWER PIPE 

Sizes.—Sewer pipes are manufactured and sold as a commercial 
product in sizes from 4 to 42^ in. in diameter. 

Certain kinds of pipes, such as cast iron, steel, and reinforced concrete, 
are either regularly manufactured or can readily be obtained in still 
larger sizes. For the purposes of this discussion, however, sewer pipe 
will be considered as limited by the standard sizes of pipes especially 
made for sewers and not larger than 42 in. 

The standard sizes approved by the American Society for Testing 
Materials (A.S.T.M.) range from 4 to 12 in. by mcrements of 2 in. and 
from 12 to 42 in by increments of 3 in. 

Requisites.—The principal requirements of any pip>es to be used for 
sewers are strength, durability, iinperviousness, smoothness, hardness, 
uniformity of size and shape, tightness of joints, and economy of 
construction. 

Obviously, the pipe must have sufficient strength to stand the stresses 
to which it will be subjected, otherwise it will crack or possibly collapse, 
and if the sewer is not entirely closed, water will leak m or sewage will 
leak out, and much trouble and expense is liable to result. It must not 
be subject to disintegration through the effects of weather, moisture, or 
acids or alkalies in the sod or in the sewage. It must be sufficiently 
imjiervious to prevent the admission of a material quantity of ground 
water, or the escape of sewage into the earth It must be smooth on its 
interior surface, in order to avoid resistances to flow and accumulations 
of deposits. It must be hard so as to resist erosion. It must be uniform 
in size and shape in order to avoid projections and irregularities at the 
joints. The joints must be so designed and constructed that they will 
be and will remain tight. And finally, the cost of the pipe chosen must 
be such that it will be economical to use in comparison with other kmds 
of pipe or, for large sizes, with other types of construction. 

Kinds of Pipe.—Two kinds of sewer pipe are made commercially— 
vitnfied clay and cement-concrete sewer pipe. 

Drain tile is also made of both of these materials, and differs from 
sewer pipe pnncipally in that it is made without socket or spigot (the 
ends of the lengths being merely butted together), it is not usually salt 

I SUee larger than 36 in, in -vitrified olay pipe, and 24 in. in plain oement-eonorete pipe, 
cannot readily be obtained at the preaent time (1027). 
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glazed, and the requirements for material and workmanship are some¬ 
what leas severe than for sewer pipe. In the clay tile, this usually means 
that they are burned at a lower temperature than sewer pipe, which may 
result in leas blistenng, smoother mtenor surface and leas distortion from 
heat. Whole drain tile is not suited for sewerage work (except in some 
cases for underdrams), it is important to know something of its charac¬ 
teristics, since, occasionally, aigmficant data upon drain tile are obtain¬ 
able which may be applicable, with some allowances, to sewer pipes * 
Other kinds of pipe are sometimes used for sewers, notably reinforced 
concrete, which has been employed to some extent in sizes for which 
monolithic concrete or brick sewers would also be considered Under 
special circumstances, cast-iron, steel and even wood-stave pipes ai’e also 
employed. 


VITRIFIED CLAV PIPE 

MateriaL—Clay pipe is manufactured from surface clay, fire clay, or 
shale, or a combination of these materials. 

Surface clay is defined by the Committee on Clay Sewer Pipe of the 
A.S T M. to be an unconsolidated, unstratified clay, occurring on the 
surface Fire clay is a sedimentary clay, of low flux content, and is 
usually associated with coal measures Shale is a thinly stratified, 
consolidated sedimentary clay with well-marked cleavage parallel to the 
beddmg. 

Clay is defined as an earthy or stony mineral aggregate consisting 
essentially of hydrous silicatea of alumina, plastic when sufficiently 
'■pulverized and wetted, rigid when dry, and vitreous when burned at a 
sufficiently high temperature. 

Manufacture.—The raw clay is delivered either from the clay pit 
directly, from storage bins, or from outdoor weathermg piles, and is 
brought into the grinding room where it is discharged into the pans of 
the dry grinders or dry mills. The dry grinder or dry mill consists of a 
horizontal pan with a perforated cast-iron bottom. This pan is attached 
to a vertical drive shaft, and nding on the bottom are two heavy wheels 
with steel tires. These wheels, or muUers, are mounted as idlers on 
horizontal bearings and their revolution is produced by the turning of 
the pan. 

After the clay is ground, it is pushed through slots in the bottom of the 
pan and is then discharged over a long screen having 10 to 16 meshes to 
the inch, set at an angle of about 46 deg That portion of the ground 
clay which is fine enough passes through the screen into the ground-clay 
storage bin, while those particled which are still too coarse to pass 

* A noteworthy example u the very detailed eenea of expenmenta upon flow of water in 
drain tile made for the U S Bureau of Pubho Hoads, Dept of Asiioulture, by D L Yamell 
(BiiU, 864). No suoh exhausbye expenmenta upon flow in sewer pipe have over been made 
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through the screen are rejected and returned to the dry pan for further 
grinding. 

From storage bins the ground clay is conveyed to the wet pans, which 
are similar to the dry grinders with the exception that the bottom is not 
perforated. The mullers are narrower and revolve at a somewhat 
higher rate of speed. Here the water and the clay are thoroughly mixed 
into a dough of uniform consistency. 

The tempered clay is discharged upon a conveyor, which delivers it 
into the press, which operates under a pressure of about 120 lb. per 
square inch. The clay fills the mud cyhnder of the press and is forced 
out at the lower end through a die which forma the sewer pipe. 

The pipe is made or pressed with the socket or hub end downward and 
must be turned end for end to dry. The pipes of the larger sizes are 
turned in a cradle operated by machinery, because of their weight, 
while those of the smaller sizes are turned by the operators. The dry- 
room floor is constructed to insure a uniform temperature in order 
that the pipe may dry out and shrink uniformly without cracking. 

From the dry room the pipe are taken into one of the beehive kilns. 
The floor of the kiln consists of large-sized firebrick so laid as to span a 
series of small smoke ducts. These small ducts are connected at the 
ends into a cross duct, which, in turn, discharges into the main flue lead¬ 
ing to the stack or chimney. The gases from the fire rise to the top of 
the kiln, and thence pass downward through the sewer pipe, and out 
through the openings in the floor to the stack. In the setting of pipe in 
the kiln, small sizes are nested inside of larger sizes, but in such a way 
that there is complete circulation and draft around every piece. The 
pipes when set in the kiln are quite hard and dry. 

The pipe, as it comes from the dry room, stiU contains about 3 per cent 
of moisture, and the burning, after the kiln is set and sealed, begins with 
very small fires so that this moisture can be dnven off without crackmg 
the pipe. If the heat is developed too rapidly, steam may be formed 
within the body of the pipe, which ruins it. A temperature not exceed¬ 
ing 300°F. IS maintained for a number of hours After this, the tem¬ 
perature is rapidly increased to about 1200°F., at which time the so-called 
oxidation period begms. There is in the clay considerable organic 
matter, especially in water-transported clays, together with certain 
mineral constituents which cannot stand the high degree of temperature 
required for vitrification. The firing during this stage must be carefully 
conducted so as to permit the release of gases through the body of the 
pipe. The oxidation temperatures range from about 1200 to 1400°F. 

Following this period, the heat is rapidly raised to the sintering or 
vitrification temperature. The particles which are subject to melting 
by heat, flow and surround the more resistant particles, forming a dense, 
hard, coherent mass, a process which is known as vitrification. The 
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temperature, to produce the vitrification vanes somewhat with the 
character of the clay from which the pipe is made, but, in general, the 
finishing temperature is from 2000 to 2200°F. 

When the temperature of the kiln has reached 2000°F. or more and 
the sihca m the outer and inner surfaces of the pipe has been brought to 
the melting point, ordinary coarse salt (sodium chlonde) is thrown 
upon the fires and the fire holes closed. The intense heat causes the 
sodium in the salt to combme chemically with the melted sUica to form 
glass—^the glaze. 

The entire process of burmng sewer pipe takes from 2 to 12 days,. 
dependmg upon the size of the pipe. 

The coohng of the kiln after the glazing has been completed is quite 
as important a process as the burning, because if the pipe cools too' 
quickly the glaze may become cracked or crazed, or the pipe body 
cracked or air checked. The temperature of the kiln is gradually reduced 
by slowly opemng the top and the kiln door. 

Branches such as Y’s and T’s, are made from two pipes which are 
dehvered to the branch maker from the pipe press. In the main pipe 
barrel there is cut, by means of a templet, a hole of a size equal to the 
outside diameter of the branch pipe. The branch pipe is cut in a form 
and then set mto the hole in the barrel, after which clay is pressed by 
hand around the jomt on the outside, thus joining the branch and the 
barrel. The inside of the branch is trimmed to the shape and contour of 
the barrel. 

Other specials, as traps, curves and reducers, are usually cast in plaster 
of pans molds and permitted to remain therein for a day or two. ■ 

Shapes and Dimensions.—OngmaUy, each manufacturer of vitrified 
pipe had his own standards, differmg from every other m most particu¬ 
lars except internal diameters. In course of time, however, practice 
became more nearly standardized and two nearly uniform sets of dimen¬ 
sions came into general use for "standard” and "double-strength” 
sewer pipe, the latter bemg made only in 15-m and larger sizes. Some¬ 
what later the demand for larger and deeper sockets became sufficient to 
, result in the so-called "deep and wide socket,” which could be obtained 
upon either "standard” or "double-strength” pipe. There were then 
four generally recognized classes of sewer pipe, namely, standard, stand¬ 
ard with deep and wide socket, double strength, and double strength 
with deep and wide socket. 

Although dimensions and weights of pipe from various makers were 
not uniform, the figures given in Table 112 may be taken as a fair 
representation of the manufacturers’ standards. 

In an attempt to reduce the number of classes and patterns of pipe in. 
use, the A.S.T.M. adopted (1924) a single class of sewer pipe, in which 
the thickness of shell is that of the manufacturers’ "double-strength” 



112.— Appn mrmrA TF. DnfBNSIONS AND WEIGHTS OF SeWBR PiPB 
Eastern Clay Products Association, 1925 
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pipe for sizes in which double-strength pipe is made, and in which the 
dimensions of the socket are intermediate between those of the manu¬ 
facturers’ “standard” and the “deep and wide socket.” 

The dimensions of vitrified clay sewer pipe required by the A.S.T.M. 
specifications are given in Table 113. The form of the pipe and bell are 
shown in Fig. 104 
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Fio. 104.—Form and dimensions of day and oonorete sewer pipes for A. S. T. M, 
standards as given m Table 113. 

Table 113. —Dimensions or Clat Sewbb Pipe 
Amencan Society for Testing Materials 


Inside 




diameter 


Mini¬ 

Thiok- 


Approxi¬ 

Internal 

Laying 

at 

Depth 

mum 

ness of 


mate 

diameter 

length L, 

mouth 

of socket 

taper of 

barrel 

Thickness 
of socket Ti 

weight 

27, Inohes 

feet 

of socket 

L„ Inohes 

socket 

T, 


per foot,* 



2?., 


H 

inohes 


pounds 



mohes^ 






4 

2 

6 


1.20 

Ke 

The thiokness of 

0 

e 

2 


2 

1 20 


the socket J-i in 

16 

8 

2, 2H. 3 

lOH 

2« 

1 20 


from its outer 

24 

10 

2, 2H> 3 

13 

2H 

1 20 


end shall not be 

33 

12 

2, 2H, 3 

16K 

2>^ 

1 20 

1 

less than three- 

45 

16 

2, 2H. 3 

18« 

2H 

1'20 

m 

fourthe of the 

76 

18 

2, 2H, 3 

22>i 

3 

1 20 


thiokness of the 

105 

21 

2, 2}.i, 3 

26 

3 

1.20 

i« 

barrel of the 

145 

24 

2, 2}i, 3 

20H 

3 

1.20 

2 

pipe. 

185 

27 

2^. 8 

33K 

3H 

1 20 

2^ 


235 

30 

2H. 3 

37 

3H 

1.20 

2H 


300 

33 

2H. 3 

40H 

4 

1 20 

2H 


360 

36 

2M. 3 

44 

4 

1-20 

2« 


3S5 

39 

2H. 3 

4:7H 

4 

1 20 

2« 



42 

2H. 3 

61 

4 

1:20 

3 




' When pipes are furnished having on Inoreoso In thinkniwMi over that given, the diameter 
of Booket shall be increased by an amount equal to twice the Inoreose of thickness of barrel 
> From “ Tentative Standards” issued by Clay Produots Association, 1926 
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The A.S.T.M. standard of a single class of pipe has not generally 
been adopted and modification of the specifications is now (1928) under 
consideration. 

There is considerable demand for thinner pipe than the “double- 
strength” (A.S.T.M), and the Clay Products Association has issued 
a pamphlet of standards in which the A S.T.M. dimensions are gener¬ 
ally followed for “double-strength” pipe, and dimensions m Table 112 
for “single-strength” (“standard”) pipe, but with sockets of the same 
general shape as the A.S.T.M. pattern. The deep and wide sockets are 
stiU furnished by some manufacturers while others have stopped making 
them. 

The joint room provided in sockets of the A.S.T.M. design is not sufiB- 
cient to satisfy those engineers who demand a “deep and wide socket” 
and it seems unlikely that standardization will be accomplished upon the 
basis of a single class of pipe. At present some of the makers continue 
to produce their regular classes of pipe, as above stated, and it may be 
necessary to mollify the A.S.T.M. requirements so as to cover the four 
classes, although it is to be hoped that standards may be adopted so that 
the dimensions of any class will be identical throughout the country. 

Although the A.S.T.M. specifications extend to pipes 42 in. in diame¬ 
ter, the manufacturers’ lists include no sizes larger than 36 m. Under 
present conditions, and in view of the concrete backmg which would 
usually be needed for the larger sizes, vitrified pipe sewers larger than 27 
or 30 in in diameter are likely to cost more than monolithic concrete. 

Physical Properties.—In accordance with the specifications of the 
A.S.T.M , clay sewer pipe must have the following qualities: 

It must withstand mtemal hydrostatic pressure of 5 lb. per square 
inch for 6 min., 10 lb. for 10 min., and 15 lb. for 16 min., without showing 
leakage. 

Sound pieces of pipe, with aU edges broken, and thoroughly dried, 
must not absorb more than 8 per cent of their weight of water, after 
boiling for 6 hours. 

The average crushing strength per foot of length, with the types of 
loading shown in detail m the specifications, must not be less than the 
amounts shpwn in Table 114. 

Plain-end Pipe.—If desired, vitrified sewer pipe can be obtained with 
plain ends. This type of pipe is commonly called “ring pipe.” The 
joints may be made by means of rings or collars shghtly larger than the 
pipe, which are broken into pieces and imbedded in mortar around 
the ends of adjoining lengths of pipe. Such jomts are neither as strong 
nor as tight as well-made socket joints, and unsupported plain-end pipe 
is, therefore, rarely used for sewers at the present time. 

Plain-end pipe used with or without joint rings may also be employed 
as a liner and interior form, entirely surrounded by concrete, where 
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Table 114.— Physical Test Requirements of Clay Sewer Pipe 
Average crushing strength, pounds per linear 

Internal diameter, 


inches 



Knife-edge and three- 
edge beanngs 

Sand bearings 

4 

1,000 

1,430 

6 

1,000 

1,430 

8 

1,000 

1,430 

10 

1,100 

1,670 

12 

1,200 

1,710 

16 

1,370 

1,960 

18 

1,640 

2,200 

21 

1,810 

2,690 

24 

2,160 

3,070 

27 

2,360 

3,370 

30 

2,680 

3,690 

33 

2,760 

3,930 

36 

3,080 

4,400 

39 

3,300 

4,710 

42 

3,620 

5,030 


greater strength is required than that of the pipe itself. Tliis is sub¬ 
stantially in accordance with the practice at Washington, D.C. as illus¬ 
trated m Fig 112, p 388, although, in general, the pipe is not entirely 
surrounded by concrete except at the joint. A vitnfied ring is not used 
Such a sewer should be quite as good as one in which socket pipe were 
used. 


CEMENT-CONCRETE PIPE 

Material.— The matenaJs used in cement-concrete pipe are Portland 
cement, suitable aggregates, and water. 

Manufacture.—Cement-concrete pipes are made in metal molds with 
a concrete mixture of smtable proportions and consistency, and well 
compacted by rammmg (tamping process) or pressure (packerhead 
process) In ether case the concrete is subjected to great pressure, 
afte which the molds axe removed and the pipes are cured from 48 to 
72 hours m a room kept warm and damp with low-pressure steam, a 
water spray, or both High temperature accelerates the hardening of 
the concrete. Cumg m such a manner as to avoid the evaporation of 

It M stated that web-hke mMkmga on the surface of the pipe are iudica- 
tive of proper hydration and curing. 
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Plain concrete pipe may also be made by the centrifugal process, in 
which a measured quantity of wet concrete is placed in a mold which is 
then rotated rapidly about its axis. The centrifugal force packs the 
cdh'cfete solidly against the form, so that the pipe can be removed at 
once for curing. This process gives a dense, smooth pipe, but is not 
well adapted to forming a socket joint, and collars have been used for 
jointing, it can also be employed to advantage for pipes of greater length 
than those called for by the A S.T M specifications. The centrifugal 
process has not yet been used much in the United States, except for 
pipes of reinforced concrete. 

Dimensions.—The A.S T.M. standard dunensions for cement-con¬ 
crete sewer pipe are the same as those for vitrified-clay pipe (Table 113, 
p 368), except that the laying lengths for 4- and 6-in. pipes may be either 
2 or 2^ ft, instead of 2 ft. only, as for the vitrified pipes, and that the 
thickness of barrel for some of the sizes above 21 in is slightly greater 
for concrete than for clay pipe 

At the present time (1928) these pipes are being made commercially 
in 4- to 24-in. sizes Few, if any, makers are equipped to furnish larger 
thnn 244n. plain concrete pipe. 

Physical Properties.—In accordance with the specifications of the 
A.S.T.M., ceraent-concrete sewer pipe must have the following quahties. 

It must withstand internal hydrostatic pi-essure of 5 lb per square 
inch for 6 min.; 10 lb for 10 min.; and 16 lb. for 15 mm , without showing 
leakage 

Sound pieces of pipe, with all edges broken, and thoroughly dried, 
must not absorb more than 8 per cent of their weight of water, after 
boiling for 5 hours, 

The average crushing strength per foot of length, with the types of 
loading shown in detail in the specifications, must not be less than the 
amounts shown in Table 114. 

Chemical Tests and Requirements.—The A.S T M. specifications 
prescribe that: 

4. The consumer or purchaser may prescribe m advance special chemical 
requirements m cases where sewage, mdustnal wastes or ground waters 
have marked acid or alkaUno character, or ore of abnormally high tempera¬ 
tures rio may make use of chemical analysis of the pipe matenals to 
'ascertain whether these special requirements are met The presence of 
deleterious materials causing slaking or dismtegration shall be cause for 
rejection. 

This requirement also appears in the specifications for vitnfied-clay 
pipes, but such pipes are rarely affected by acids or alkalies, and this 
requirement is therefore of major importance only for cement pipes in 
certain locahties or under certain conditions as to character of sewage. 
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In Technologic Paper 214* of the U. S. Bureau of Standards, the 
following conclusions appear: 

1. The use of concrete tile m soils containing alkali salts of the sulphate 
type in considerable quantities is hazardous, m view of the fact that the 
best quality of drain tile has been disintegrated during an exposure of less 
than 6 years 

2. Porous or permeable tile, due to the use of lean muctures, or relatively 
dry consistences, are subject to disintegration in sulphate waters of relatively 
low concentrations. 

3 Dense tile of the best quahty, exposed to sulphate waters, are under 
certain conditions subject to dismtegration, depending upon concentration 
of salts m seepage water, and alkali and moisture conditions m the soil 
immediately surrounding the tile. 

4. Disintegration may be manifested in sulphate waters by physical 
disruption caused by expansion resulting from the crystallization of salts m 
the pores, but it is primarily due to chemical action between the salts in 
solution and the constituents of the cement. In the case of dense tde of low 
permeabihty exposed to sulphate waters, dismtegration may occur at or just 
inside the surface skm and progress into the wall of the tde. 

5. A thin outer skin of apparently unaffected concrete is apparent in the 
case of disintegration of the best quality of tde While this relatively thin 
layer may be either immune to attack by salts m solution, or perhaps be 
very slowly attacked, results mdicato that this carbonized coating is not m 
itself waterproof, and nlkah water may pass through this coatmg into the 
mass. 

6. In sulphate waters with a concrete or mortar of given quality the 
dismtegratiag effect seems to vary with the concentration of the solution. 

7 Tde made by the process commonly used, which allows the removal 
of forms immediately after molding, ore more susceptible to disintegration 
where exposed to sulphate sods or waters than are tale made of wetter con¬ 
sistency which requires their retention m the molds for a period of hours. 

8 The use of hand-tamped tde of plastic consistency, such that the 
jacket can be removed imm ediately after moldmg, can not be recommended 
for use m sulphate sods and waters. Tde of plastic consistency, molded in 
the packer-head type of machine, are more resistant to HlTcpIi action t.lipn 
the hand-tamped tde, but the best quality of packer-head machme tde have 
been affected m waters of high salt concentration. 

9. Steam-cured tde show no greater resistance to nlknli action t.hn.n tile 
which are cured by systematic sprmkhng with water. 

10 Tde made of sand cement have less resistance to nlkah' action t,hn.n 
tde made of Portland cement of the same proportions. 

11 The tar coating as used was not effective m preventmg the absorption 
of alkah water mto the walls of the tde 

12 The cement-grout coatmg is not effective in preventmg the absorption 
of alkah water. 


1" Durability of Cement Drain Tile and Concrete in AlWH Soila," Third ProKresa ReDorl. 
1919-1920 , 
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13. No advantage was found in introducing ferrous sulphate into the 
cement mixture. The use of this matenal resulted m a reduction of the 
crushing strength of the tile 

14. If cement drain tile are to be used m soils and waters containing 0 1 
per cent or more of salts of the sulphate type, their mstallation should be 
preceded by an examination of sub-surface alkali conditions Decision as 
to the advisability of usmg cement dram tile should be based upon thorough 
examination of sub-surface conditions and quality of product which it is 
proposed to use, and upon a companson of the data so obtamed with the 
data presented m this report Such an examination may mdicate portions 
of on area where the use of cement tile should be avoided Quantities of 
alkali salt present con be determmed by chemical analyses of the soils. 
Concentrations to which tile may be exposed can be detenmned by chemical 
analyses of the ground waters. In drawing conclusions, allowance must be 
made for the constantly ohangmg concentrations of alkali m the seepage 
water, which, at times, may differ as much as several hundred per cent m 
adjacent areas. There can be no assurance tliat the concentrations found 
at any time are the maximum to which the tile will ever be exposed Qual¬ 
ity of cement dram tile can best be measured by permeability tests With 
other conditions equal, tile of lowest permeability wUl be the most durable 
There appears to bo httle definite relation between permeability and the 
related factors of porosity, absorption, and density. 

While these tests were made on drain tile for which the requirements 
are less strict than for sewer pipe, they indicate the possibility of similar 
damage to sewer pipe under the same conditions. 

Similar disintegration of cement-concrete pipe has been experienced 
where the sewage contains or may generate an excessive amount of 
sulphunc acid; and it has been claimed that, m certain cases, acids 
derived from humus in the soil have produced like effects, although other 
tests have shown concrete pipes in acid soils to be in good condition after 
a considerable term of years. 

Further discussion of the disintegration of concrete will be found on 
page 451, Chap, XII. 

REINFORCED-CONCRETE PIPE 

For sizes above 24 in diameter and up to 108 in , reinforced-concrete 
pipe may be used Such pipe may be field-cast, machine-made, or made 
by the centrifugal process. Field-cast pipe are manufactured on or 
near the site of the work, and require the use of inner and outer steel 
forms. Machine-made pipe must be made in a permanent plant where 
the concrete can be subjected to great pressure, as in the case of plain 
concrete pipe. This process has been used only for sizes up to 54- or 
60-in. In the centrifugal process only an outer form is required and the 
concrete is compacted by centrifugal force. 
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The larger sizes of pipes must be compared with monolithic concrete 
or bnck sewers and 4o not come within the definition of pipe sewers 
adopted in this chapter, which limits the size to 42-in diameter. 

Socket and spigot joints of the ordinary type may be used for rein- 
forced-concrete pipe. Most of the makers have adopted a joint of the 
mortise and tenon pattern, m which there is no enlargement of the 
external diameter, or diminution of the internal diameter, at the joint. 

Reinforced-concrete pipe may be made of sufficient strength and 
tightness to withstand a considerable internal pressure and, therefore, 
has been used in some cases for force mains and inverted siphons 
Minimum thicknesses, amounts of steel, and ultimate test loads for 
reinforced-concrete pipe up to 72 in m diameter have been tentatively 
adopted by the American Concrete Institute,^ and are given in Table 116. 

Table 116 —Minimum Dimensions and Ultimate Strbnoth Require¬ 
ments OP Reinporcbd-concretb Sewer Pipe 
Tentative Standard Specifications, Amencan Concrete Institute, 1925 


Minimum dimenmona for Ultimato load in pounds 

per linear foot of pipe 


Internal Field-ooat pipe | Shop-made pipe 
diameter 


of pipe 


Mimmum 


Minimum 



ThickneBS, 

inches 

area steel, 
square inch 
per hnear 

Thickness, 

inches 

area steel, 
square inch 
per linear 

Throe-edge 

bearing 

Sand 

bearing 



foot 


foot 



24 

3 

0 066 

2K 

0 16 

3,000 

4,600 

27 

3 

0 0661 

2« 

0 18 

3,300 

4,060 

30 

3M 

0 086 

2% 

0 21 

3,600 

6,400 

33 

3« 

0 106 

2% 

0 24 

3,000 

6,860 

36 

42 

4 

4M 

0 126 

0 160 

3 

3% 

0 36 

0 42 

4,200 

4,700 

0,300 

7,060 

48 

6 

0 210 

3« 

0 46 

6,100 

7,060 

64 

5M 

0 260 

4H 

0 60 

6,600 

8,260 

60 

6 

0 200 

4M 

0 64 

6,800 

8,700 

66 

6H 

0 320 

4Ji 

0 68 

6,000 

0,000 

72 

7 

0 360 

6 

0 62 

0,200 

0,300 


Noth Siiee below heavy hne have remforcing near both inner and outer faeoe, 

1 Correctly copied, but probably ahould be 0 076 

As an indication of the strength of reinforced-concrete pipe to sustain 
external loads without the assistance of concrete cradles or other addi¬ 
tional construction. Table 116 has been prepared. In computing the 
figures m this table, it has been assumed that the pipe can carry working 
loads equal to one-half the ultimate loads given in Table 115, before 
visible cracks will appear, smee the American Concrete Institute specifi- 
> Ptoo a C. 1, 1026, U, 584. 
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cations require that “the test specimens shall show no clearly visible 
cracks caused by the application of the load extending the full length of 
the pipe, when tested to one-half the ultimate load “ It was also 
assumed that the loads from the backfill in the trench were distributed 
over the top quadrant of the pipe, and that their amounts could be 
computed by the method of Marston and Anderson, explained in Chap. 
XIII The advantage of narrower trenches in carrying appreciable 
amounts of the weight of backfill, particularly ih the case of the smaller 
pipes, is obvious. 

These figures show that, except for the smaller pipe in very narrow 
trenches, reinforced-concrete pipes fulfilling the American Concrete 
Institute specifications have not sufficient strength to carry the weight 
of the backfill in deep trenches. Concrete cradles or other constructions 
to provide additional strength are likely to be required, therefore, in 
many cases. 

CAST-IRON, STEEL, AND WOOD PIPES 

Cast-iron Pipe.—Where a sewer is under considerable internal pres¬ 
sure, as in force mams and inverted siphons, cast-iron pipe has generally 
been used, although m a few instances steel or wood-stave pipes have 
been employed, and recently the use of remforced-concrete pipe has 
become common. 

Cast-iron pipe sewers have also been employed in some cases where 
the quantity of water in the ground is large and where it is particularly 
desirable to limit the leakage of ground water into sewers as much as 
possible. The relative ease of making water-tight joints with cast-iron 
pipe, as compared to sewer pipe, as well as the imperviousness of the iron 
pipes themselves, has been largely responsible for this use 

Cast iron is also commonly used for the outfall or discharge end of a 
pipe sewer where it empties into a body of water, owing to its greater 
resistance to the action of flowing water, ice, dnft, and the like Tho 
submerged outfalls in Boston harbor are illustrations of such use, and 
similar outfalls in Lake Erie at Cleveland are examples of the use of 
reinforced-concrete pipe 

Cast-iron pipe m water works ss^tems commonly grows rougher with 
age, owing to the formation of tubercles on the interior surface. This 
is particularly the case when the water is soft. The effect of such 
tuberculation is to reduce the capacity of the pipes. Whether or not 
similar conditions develop in cast-iron pipe when used for sewage does 
not appear to have been established. It is probable that a sufficient 
coating of grease may accumulate upon the pipes to prevent tubercula- 
tion; and that reduction m capacity, as compared with new pipe, is more 
likely to result from accumulations of grease and sewage solids than from, 
tuberculation of the pipe A 42-mch oast iron sewage force niftin at 
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Baltimore, Md., after 16 years’ use, had accumulated a coating of grease 
and slime about one inch thick, but when this was removed the pipe was 
found to be free of tubercles The material of the coating, when dried, 
was found to contain 34 per cent of iron.^ 

Standard sizes of cast-iron pipe range from 4 to 20 in in diameter, by 
increments of 2 in., and from 24 to 60 in. in diameter by increments of 
6 in. The 18-in. size, however, is rarely used in water-works practice 
and some foundries might refuse to supply it. The 14-in. size is becom¬ 
ing somewhat uncommon The 72- and 84-in. sizes, while included in 
the tabulation, can be obtained only on special order and few foundries 
are equipped to furmsh them. 

Standard thicknesses and weights for cast-iron water pipe, in accord¬ 
ance with the specifications of the American Water Works Association, 
are given in Table 117. The lightest standard weight is usually amply 
strong for sewerage use, unless unusual loads or stresses due to settlement 
are to be expected. Sometimes the prices charged for Class A pipe are 
enough higher than those for heavier pipes so that there is no economy 
in using the lighter weights 

Centrifugally cast-iron pipe is also to be had in sizes up to 20 m. 
This pipe is cast in a revolvmg mold and without a core. It is thinner 
than the standard sand-cast pipe. It is claimed that casting by the 
centrifugal process results in a denser and more homogeneous metal in 
the wall of the pipe, so there is no sacrifice in strength, although the pipe 
is thinner; and also that corrosion is likely to be less. The cost per foot 
is generally 6 to 10 per cent less than for sand-cast pipe. 

Steel Pipe.—For conditions similar to those in which cast-iron pipe 
might be used, steel pipe would also be applicable. The longitudmal 
joints in this pipe may either be welded, riveted or made with a lock 
bar; the circumferential joints are usually riveted, though other types 
are now available. 

In some cases, especially where soft ground is to be crossed, making it 
desirable to use a light-weight pipe, steel pipe may be more advantageous 
than cast iron. On the other hand, it is more susceptible to corrosion, so 
that it is especially important that the metal be coated as thoroughly as 
possible, and the riveted joints are objectionable on account of the result¬ 
ing resistance to flow, and also as favoring the lodgment of sewage sohds. 

Wood Pipe.—Outfall sewers have been made of wood-stave pipe in a 
few cases. This material has the advantage, as compared with cast-iron 
or steel, that it does not corrode nor rot when always submerged; the 
interior surface is smooth, and the carrying capacity does not decrease 
with age. It has the disadvantage that it must be weighted and 
anchored to the bottom and that the bands may rust away rapidly, after 
which the pipe will fall to pieces. 

I Eno, Newa-Rec. 1028; 100, SOO. 
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Table 117.— Standabd Thicknbbshb and Whiqhtb op Cabt-ihon Pipe 
American Waterworks Association 


Clam A, 100-ft head, 
48 lb preesure 


Class B, 200-ft head, 
86 lb. presure 


Class C, 300-ft head, 
130 lb pressure 


Class D. 400-ft. head, 
173 lb prossuro 



Thiok- 

Weaght per 

Thiok- 

Weight per 

Thiok- 

Weight per 

Tliiok- 

Weight per 


neas, 

llL 

Ft 1 

Length 

neas, 

in. 

Ft 1 

Length 

neea, 

in. 

Ft j 

Length 

ncaa, 

m 

Ft 


Length 

4 

0 42 

20 0 

240 

0 46 

21 7 

200 

0 48 

23 3 

280 

0 62 

25 

0 

300 

6 

0 44 

30 8 

370 

0 48 

33 3 

400 

0 61 

86 8 

430 

0 66 

38 

3 

400 

8 

0 46 

42 0 

616 

0 61 

47 6 

670 

0 66 

62 1 

026 

0 00 

66 

8 

070 

10 

0 60 

67 1 

686 

0 67 

63 8 

765 

0 02 

70 8 

860 

0 08 

70 

7 

020 

12 

0 64 

72 6 

870 

0 62 

82 1 

086 

0 68 

01 7 

1,100 

0 76 

100 

0 

1,200 

14 

0 67 

80 6 

1,076 

0 66 

102 6 

1,230 

0 74 

116 7 

1,400 

0 82 

120 

2 

1,660 

16 

0 60 

108 3 

1,800 

0 70 

126 0 

1,500 

0 80 

143 8 

1,726 

0 80 

168 

3 

1,000 

18 

0 64 

120 2 

1,660 

0 76 

160 0 

1,800 

0 87 

176 0 

2,100 

0 00 

101 

7 

2,300 

20 

0 67 

160 0 

1,800 

0 80 

176 0 

2,100 

0 02 

208 3 

2,600 

1 03 

220 

2 

2,760 

24 

0 76 

204 2 

2,450 

0 80 

233 3 

2,800 

1 04 

270 2 

8,36(1 

1 10 

300 

7 

3,080 

30 

0 88 

201 7 

8,600 

1 03 

333 3 

4,000 

1 20 

400 0 

4,800 

1 37 

460 

0 

5,400 

86 

0 00 

301 7 

4,700 

1 15 

464 2 

6,460 

1 30 

646 8 

0,550 

1 68 

026 

0 

7,600 

42 

1 10 

512 6 

6,160 

1 28 

601 7 

7,100 

1 64 

716 7 

8,000 

1 78 

825 

0 

0,000 

48 

1 2b 

666 7 

8,000 

1 42 

760 0 

0,000 

1 71 

008 3 

10,000 

1 00 

1,060 

0 

12,000 

64 

1 36 

800 0 

0,600 

1 65 

033 3 

11,200 

1 00 

1,141 7 

13,700 

2 23 

1,341 

7 

10,100 

60 

1 30 

018 7 

11,000 

1 67 

1,104 2 

13,260 

2 00 

1,341 7 

16,100 

2 38 

1,683 

3 

10,000 

72 

84 

1 62 

1 72 

1,283 4 
1,633 4 

16,400 

10,600 

1 05 

2 22 

1,545 8 
2,104 2 

18,660 

25,250 

2 30 

1,004 2 

22,860 




The above Wghts ore per length to lay 12 ft., and molude weight of b(dL 


STRENGTH OP SEWER PIPES TO CARRY EXTERNAL LOADS 

The theoretical analysis of the strength of pipe under external loads is 
that of thin elastic rmgs, and takes various forms under different assump¬ 
tions regardmg the loadmg An explanation of it is given by Prof A. N 
Talbot, in Bull. 22, Eng Exp. Sta Umv Illinois, in which he reports tests 
of cast-iron and reinforced concrete culvert pipe. Marston and Anderson 
have given the results of an analysis in which the weight of the pipe, as well 
as that of the bac k fi llin g, is taken mto consideration. For all practical 
purposes, three assumed conditions of loading will bo sufliciont i,o guide the 
engmeer, mz , concentrated loads at the top and bottom of the vertical 
diameter of the pipe, uniformly distnbuted vertical loads above and below 
the horizontal diam eter, and uniformly distributed loads on tlio top (piarter 
and bottom quarter of the circumference of the pipe 

The bendmg moment at the top and bottom of a pipe is the product of 
the total load per umt of length of pipe multiplied by the diameter of the 
center of the shell of the pipe, multiphed by 0 169 for a concentrated load; 
by 0.0625 for a load uniformly distnbuted over the entire width of the 
pipe, and by 0.0845 for a load uniformly distnbuted over the top quarter 
of the circumference, the bottom reaction in each case being distributed 
similarly to the load 

The factors for obtainmg the bending moments at the ends of the 
honzontal diameters under these conditions are 0.091, 0.0626 and 0.077 
respectively ’ ‘ ’ 
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Laboratoiy Tests.—The requirements for crushing strength of sewer 
pipe under test, stipulated by the A S.T M., are given in Table 114, p 
370. 

The requirements of the A S.T.M. as to methods of applying the loads 
are as follows: 

Knife or Two-edge Bearings —The pipe to be tested shall be supported 
by a metalhc knife bearing 1 in wide and extended from a pomt just back 
of tlie socket to the spigot end of the pipe Before the pipe is placed, a fillet 
of plaster of pans and sand 1 in wide, and thick enough to compensate 
for all the uiequahties of the pipe barrel, shall be cast on the surface of the 
knife-edge bearmg The pipe shall be placed upon the fillet while the plaster 
of pans IB still somewhat plastic. The load shall be applied through an 
upper knife beanng of the same size and length os the lower bearmg A 
plaster-of-pans fillet 1 in wide sliall be cast along the length of the crown of 
the pipe to equalize tlie lower bearmg^ before the upper one is brought mto 
contact 

Both of the bearings shall be sufficiently ngid to transmit and receive 
uniform loads throughout their lengths without deflection, and shall be so 
attached to the machine as to transmit and receive the maximum stresses 
produced by the tests without lost motion, vibration, or sudden shock. 

Three-edge Bearings —Wlien three-edgo bearings are used, the ends of 
each specimen of pipe slioll be accurately marked m halves of the circum¬ 
ference pnor to the tost 

The two lower bearings shall consist of two wooden stnps with vertical 
sides, each stnp having its interior top comer rounded to a radius of approxi¬ 
mately m They shall be straight, and shall be securely fastened to a 
ngid block with their interior vortical sides 1 m apart 

The upper bearmg shall be a wooden block, straight and true from end to 
end. 

The test load shall be applied through the upper bearmg block m ouch a 
way as to leave the beanng free to move m a vertical plane passmg midway 
between the lower bearmgs 

In testing a pipe which is “out of straight,” the hues of the bearmgs 
chosen shall be from those which appear to give most favorable conditions 
for fair bearings 

Sand Bearings .—When sand bearmgs are used, the ends of each specimen 
of pipe shall bo accurately marked pnor to the test m quarters of the cir¬ 
cumference. Specimens shall be carefully bedded, above and below, 
in sand, for one-fourth the circumference of the pipe measured on the 
middle line of the barrel. The depth of beddmg above and below tho' pipe 
at the thinnest points shall be one-half the radius of the middle fine of 
the barrel 

The sand used shall be clean, and shp,!! be such as will pass a No. 4 screen 

The top bearing frame shall not be allowed to come m contact with the 
pipe nor with the top bearmg plate The upper surface of the sand m the 
top bearing shall be struck level with a straightedge, and shall be covered 

1 That 1 B| tho lower of the two bearing surfaoee at the orown of the pipe 
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with, a rigid top bearing plate, with lower surface a true plane, made of heavy 
timbers or other ngid material, capable of distnbuting the teat load uni¬ 
formly without appreciable bending The test load shall be apphed at the 
exact center of tViiH top bearmg plate, m such a manner as to permit free 
motion of the plate m aU directions. For this purpose a sphencal bearing 
IS preferred, but two rollers at right angles may be used. The test may bo 
made without the use of a testmg machme, by pihng weights directly on a 
platform restmg on the top bearmg plate, provided, however, that the 
weights shall be piled symmetrically about a vertical hne through the center 
of the pipe, and that the platform shall not be allowed to touch the top 
bearmg frame. 

The frames of the top and bottom bearings shall be made of timbers so 
heavy as to avoid appreciable bendmg by the side pressure of sand The 
mtenor surfaces of the frames shall be dressed No frame diall come in 
contact with the pipe durmg the teat A stnp of cloth may, if desired, be 
attached to the mside of the upper frame on each side, along the lower edge, 
to prevent the escape of sand between the frame and the pipe 

Comparison of Test Results with Strength Developed by Pipe as Laid. 
A comparison of the requirements as to strength developed under 
different methods of testing mdicates, as has been found to be a fact, that 
the two- and three-edge methods give substantially equal results, while 
the sand-bearing method gives results approximately 60 per cent higher. 

Professor Anson Marston’s experiments have shown that tests with 
sand bearmgs show with substantial accuracy the strength which will 
actually be developed by the pipe in the ground, when the "ordinary” 
method of laying is employed. 

Strength of Pipe in the Ground.—The relation between the strength 
of pipe as developed by laboratory test and the amount which will be 
developed when the pipe is laid in the ground, has been found by 
Marston^ to depend upon the character of the beanng between the 
pipe and the supportmg earth. This means not only the earth upon 
which the pipe is laid (bottom of trench) but that on either side (walls of 
trench). 

If the trench is excavated with a flat bottom, upon which the pipe 
IS laid, the resulting condition will approximate that of the two-edge or 
three-edge laboratory test. The pipe cannot be expected to develop 
more than 80 per cent of its strength as shown by sand-beanng tests. 
Fig 105 illustrates a pipe laid in this way. It should never be 
allowed and is, therefore, called the "impermissible” pipe laying method. 

“Ordinary” pipe laying requires that the bottom of the trench be 
shaped to fit the pipe for a bearing arc of 60 to 90 deg. The backfill is 
placed loosely over and around the pipe. Figures 106 and 107 show 
pipe laid by this method. They may be expected to develop just about 
their test strength as shown by sand-beanng tests 

1 Second Progresa Eeport on Cnlvert Pipe InvestigatioiiB, 1916-1921. 
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“First class” pipe laying requires the pipe to be especially well 
bedded for at least 90 deg of its circumference, and the back-filling well 
tamped up to the level of the top of the pipe, thus ensuring a firm 
bearing between the sides of the pipe and the walls of the trench Figure 



pipe 

108 shows a pipe laid in tliis way, developing about 120 per cent of the 
strength shown in laboratory tests with sand bearings. 

By the use of a concrete cradle under the pipe and extending to the 
height of about one-third the diameter, a strength from 80 to 100 per 



Figs. 107 and 108.—“ Ordinary ” and “ first-class " me thods of laymg sewer pipe. 


cent greater than the test strength of the pipe with sand bearings can 
be developed. Such a concrete cradle is shown in Fig. 109. This 
conclusion was- based upon the tests of vitnfied pipes up to 24 in. in 
diameter. 




382 


AMERICAN SEWERAGE PRACTICE 


For the photographs reproduced m Figs. 106 to 109 the authors are 
indebted to Prof. Anson Marston. 

Further experunents upon the value of concrete cradles for supporting 
conduits were reported in 1926 ^ These tests were made upon reinforced 
concrete pipes from 24 to 84 in. in diameter. The more important 
conclusions derived from them may be summanzed as follows: 

(1) The supporting strength of pipe before cracking may be increased 
60 to 100 per cent by the use of properly designed cradles. This per¬ 
centage of mcrease with a particular cradle will vary with the quality 
of the pipe and is higher for the weaker and lower for the stronger pipe. 



(2) The use of a cradle which has a thickness under the pipe of one- 
fourth the nominal diameter of the pipe (}^ d) and which extends up 
the sides to a height of one-fourth the outside diameter of the pipe 
()i d') should increase the supportmg strength about 76 per cent. 

(3) Decreasmg the proportional thickness of the cradle under the 
pipe and its height at the sides each reduce the efiEectiveness of the 
cradle. 

(4) It is doubtful if it will be economically advisable to use reinforcing 
in a cradle with a thickness less than d under the pipe and a height 
at the sides of less than d' for small pipe or d' for large pipe. Rein¬ 
forcing appears to be of value only m that portion of the cradle under the 
pipe. None of the cradles tested developed a visible fracture or crack 
except under the pipe. Properly designed and constructed reinforced 

^ and J W Johnson, "Conoreto Cradles for Large Pipe Conduits," 
BvO, 80, Iowa State College, 1020 
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cradles of these dimensions should increase the cracking strength of 
the pipe 76 to 100 per cent. 

Relation between Actual Supporting Strength of Pipe and Laboratory 
Test Strength.—Data upon which to base an estimate of the relation 
between the actual earth load carried by a pipe and the test strength, are 
contained in Bull 76 of the Engineenng Expenment Station, Iowa State 
College.^ In this bulletin it is stated that the ratio of actual supporting 
strength to three-edge bearing laboratory test strength was approxi¬ 
mately 2 6 at appearance of first crack. Without the help of the active 
side pressure the ratio would have been about 1.9. 

STRENGTH OF SEWER PIPE TO WITHSTAND INTERNAL 
PRESSURE 

Stress.—The bursting stress due to the internal pressure upon pipe 
with a thin wall is indicated by the formula 

vr 

T 

in which 

s = tension in shell of pipe, pounds per square inch 
p s= pressure of water in the pipe, pounds per square inch 
r = radius of the pipe, inches 
t *= thickness of the pipe, inches 

Sewers are seldom subjected to internal pressure of more than a few 
feet of water; consequently their strength m tension is not usually a 
matter of much momept. 

Tests.—In 1890 tests were made at the Rose Polytechnic Institute, 
Terre Haute, Ind., by Prof M. A Howe, on pipe from 16 manufacturers. 
The results were published** and are summarized in Table 118. Three 
different methods were used in making the hydrostatic tests. The first 
and second caused a pressure to be exerted upon the ends of the pipe, 
while in the third no pressure was brought to bear on the ends, which 
were closed with leather cups. The tests showed consistently that the 
third method gave higher results, and it was oc/nsidered more 
reliable by Howe. The other methods gave lower results because of 
stresses due to end pressure. The averages of tensile strengths for the 
different brands of pipe varied from 266.6 to 1081.8 lb. per square inch, 
while the general average of all results was 600.4 lb. The minim um 
recorded gage pressure was 12 lb. per square inch; the minimum 
tensile strength 68 lb. per square inch; the maximum tensile strength 
1,826 lb., each of these bemg for a smgle test. 

‘ SpanqiiBB, M. G., ‘‘A ProUralnary Experiment on the Supporting Strength of Culvert 
Pipes in an Actual Embankment ” 

*Jow, Abioc, Sng. Soo , 1801; 10,288. 
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In the hydrostatic tests the color of the fracture, with hardly an exception, 
was the critenon of strength, each class having its particular color corre¬ 
sponding to tho greatest strength 

Testa were made at the Royal Testing Laboratory in Berlin, by 
Messrs. Burchartz and Stock, and their results for 1896-1904 inclusive 
were published.^ The mean minimum, maidmum and average values 
for resistance against intei’nal pressure ore given in Table 119 The 
average water pressure was 13.9 atmospheres or 204 lb. per square inch, 
and the average ultimate tensile strength 650 lb. per square inch. The 
mimmum pressure was 6.3 atmospheres, equivalent to 78 lb. per square 
inch, or 183 ft head of water These results from German pipe are 
higher than those obtained by Howe from American pipe. 


Table 110— Mean Minimum, Maximum and Average Resistance 
TO Internal Prbsbuhb op German Vitrifibd-olat Pipb^ 





Internal water pressure, 

pound per 
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2 

0 72 

3 

353 
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384 
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3 

0 80 

3 

220 
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240 

400 

4 

0 68 

11 

135 

370 

106 

830 

6> 

0 80 

23 

122 

360 

263 

860 

8 

0 02 

13 

216 

366 

203 

1,120 

10 

0 00 

2 

88 

118 

103 

600 

12 

1 04 

10 

• 00 

248 

176 

020 

16 

1 12 

2 

138 

143 

141 

910 

18 

1.28 

8 

104 

170 

137 

020 

20 

1 44 

4 

132 

170 

166 

1,040 

24 

1 72 

7 

78 

120 

106 

720 

28 

1 88 

4 

104 

150 

128 

910 

32 

1 06 

14 

70 

132 

113 

1,120 

AveraRe 





204 

860 


Strength of Joints .—Although vitrified pipe may be manufactured of 
sufficient strength to withstand hydrostatic pressures of 100 lb. per 
square inch or more, the strength of the joint is likely to be much less. 
There are few published data on this subject. Tests were made by 
Professor Howe at the Rose Polytechnic Institute on natural cement 
joints, and while his results are not indicative of the strength to be 
expected from portland cement joints, it is interesting to note that the 

1 Sttbohartz and StooKi Eng Record, 1906; M, 100 
< Inoludes pipes 6,2 and 6.4 In. In diameter. 
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pressure withstood by the joint was considerably less than that which 
the pipe itself could withstand. Recent tests by Prof. S. E. Dibble at 
the Carnegie Institute of Technology indicate that portland cement 
mortar joints leak at internal pressures of 5 to 15 lb. per square inch 
Tests made by the Philadelphia Division of Sewers on three jointing 
compounds show that joints made of these materials m 6- to 12-in. pipe 
will successfully withstand internal pressures of 26 to 30 lb. per square 
inch, reachmg a maximum of 85 lb. for a 12-in. pipe (joint did not leak 
but pipe broke) and of 110 lb. for a 6-in pipe After testing, the speci¬ 
mens were buried for a year, some in sandy loam, others'in wet marsh 
mud. They were then taken up and retested with similar results. 
Chemical tests of the jointing materials indicated no deterioration during 
this treatment. 

PRACTICAL DEDUCTIONS FROM TESTS AND EXPERIENCE 

The investigations described earlier in this chapter show that the loads 
coming upon pipe are frequently so great that the construction of a tight 
sewer under such conditions calls for good, intelligent workmanship. 
Experiments show that the elongation of the horizontal diameters of 
cement and clay pipe do not ordinarily exceed 0.04 m. under breaking 
loads. It is practically impossible to ram earth around the sides of a 
pipe so firmly that it will prevent such an insignificant inovemeiit and 
where the pipe is hable to be exposed to dangerous loads, it is necessary 
to use pipe of exceptionally high strength, bed it in a cradle of concrete, 
or use some other material for the sewer. It is evident from what has 
been said about the manufacture of clay and cement pipe that their 
tensile strength must be somewhat uncertain and that it is dangerous to 
copy methods of construction used in laying cast-iron pipe when laying 
the more brittle sewer pipe. 

Concrete Cradles. The development of the cradle of concrete used at 
Washmgton to carry the pipe sewers is shown in Pig 110. The 1871- 
1879 section had a mortar jomt and vitnfied band and the pipes were 
without sockets, which has been true of aU pipes used down to the 
present tune When Lieut.-Col. Lansmg H. Beach was in charge of the 
sewerage work there, he reported that "the bottom of the sower, with 
this pipe, can be made much more even and free from projections due to 
uregulanties of cucumference » than with socket pipe. The first section 
was probably laid many years prior to 1871, according to information 
furnished by A E Phillips, former supermtendent of the sewer depart¬ 
ment of the Dwtnet of Columbia, but that date is the beginning of the 
pubhely permitted use of sewers of this type for samtary drtunago. 
^om 1879 to 1888 the pipe rested m a cradle of natural cement concrete 
22 m wide on the bottom and 6 in. thick under the pipe, while the joint 
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was made with a vitrified band and a ring of mortar 4 in thick, 14 
in. wide at the pipe, and 6 m. wide on top. The 1888-1894 cradle 
was widened to 24 in. but otherwise it and the joint were unchanged. 
The 1894-1903 cradle remained unchanged but the collar was left 



1871-1879. 1879-1888. 1888-1894. 



1894-1903. 1903-1919. 


Fio 110 —Crtidlo and joint of Washington pipe sewers. 

out of the joint. The 1903-1914 cradle was made of Portland 
cement concrete and its dimensions were reduced a httle, and the joint 
was given an entirely new cross-section The concrete envelope was 
first adopted in 1879, accordmg to Mr. Phillips, as a preventive of root 
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intrusion, by Captain Hoxie while engineer commissioner of the District. 

Figure 111 shows three different types of concrete cradles used with 
socket and spigot pipe 

Figure 112 shows a recent design (1925) of concrete cradle for a 24- 
in pipe sewer at Lomsville, Ky. This design is credited to W. M. Caye, 



designing engmeer for the Commissioners of Sewerage of Louisville. It 
has been found that pipe sewers of vitrified clay or concrete, without 
the concrete cradle and at the depths at which these sewers are usually 
laid m that city, have cracked and failed. In the Louisville practice 


Genera!Noh -hr VC and C C Pipe SecHons 
The boHam ofihe french shall be 
excavated h the shepestslope erf 
which the earfb will remain m its original 
condition, h allow concreting agamsf 
the earth wiHiouf movement 



'Z4- Vitrified Clay or Cement 
Concrete Pipe 

l "'For Steep Slopes 
at Bottom 


Tor Flat Slopes 
otBotfom 


'^'-Class ''C"Concrete Cradle 
Fig. 112 Conorete cradle for 24-iii pipe sewer, Louisville, Ky 


the cradle is paid for by the linear foot. Concrete is not allowed to be 
deposited against the sheeting, so it is especially to the advantage of the 
contractor not to drive the sheetmg any deeper than is necessary. The 
forms of the cradle corresponding to these different conditions of earth 
are shown, varying with the depth to which the sheeting must be driven. 


CHAPTER XII 
MASONRY SEWERS 

Definition.—For the purpose of this discussion, a masonry sewer is 
considered to be one built in place in the trench, whether the material 
be brick, terra-cotta block, monolithic concrete, or a combination of 
materials. 

Notation.—The special notations used in this chapter are as follows. 

B = outside diameter of pipe 
D = inside vertical diameter 
d = inside diameter of circular section 
H = height of backfill over top of pipe 
R = radius of arch 
S = clear span of arch 
r = nse of intrndos 

t = floor or bottom thickness at sidewall 
to = thickness of arch at crown 
t, = thickness of arch at springing line 
V = weight of backfill per square foot 
W = inside horizontal diameter or width 

PFi = uniform live load per square foot 

Other notations are employed on some of the illustrations, but their 
meanings are clearly shown. 

Types of Cross-section.—The majority of the masonry sewers con¬ 
structed in this country have been of circular cross-section, although m 
some old systems many sewei-s constructed with an oval or egg-shaped 
section are to be found. Since about 1900 a number of other sections 
have come into use and some of them have found quite general favor. 
In the following paragraphs, the principal types are described and some 
of their chief advantages and disadvantages discussed. The names 
given to the sections are usually descriptive of the form of the arch or 
upper part of the section, but are sometimes inaccurate. 

Circular Section.—The circular section encloses a given area with the 
least perimeter and on that account affords the greatest velocity when 
half full or full. Under ordinary conditions, circular sections are 
economical m the amount of masonry required, although in flat-bot¬ 
tomed trenches or under conditions requiring special foundations, such 
as piles or timber platforms, additional masonry is required to support 
the arch. In the combined system, where the dry-weather flow of 
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sswags is V6ry sniflill in compariflon to ths storm-watsr flow, ths vslooity 
for the low flows is comparatively small in the circular section and on 
that account this section may not be as advantageous, theoretically, 
as the egg-shaped section. 

For sewers under 5 ft. in size the circular form is usually employed in 
preference to other types. 

Egg-diaped Section.—In combined sewers where the dry-weather 
flow of sewage is small compared with the capacity of the sewer required 
for storm water, or in separate sewers for a district where the present 
population is but a small proportion of the ultimate development, the 
ideal sewer section is one in which the hydrauhc radius remains constant 
as the depth of flow decreases. It is impracticable to obtain the ideal, 
but the egg-shaped or oval section, theoretically, comes nearer to it 
than any other thus far devised. 

In some cases the attempt has been made to design an egg-shaped 
section to meet special conditions, such as hmited head room, or to 
proportion the radu of the oval to provide for special variations 
between the normal and maximum flows. This has led to some 
forme which have found little favor in this country, although used 
extensively abroad. 

The standard egg-shaped section shown in a. Fig. 113, was designed in 
England by John PhiUips about 1846 and has been used considerably 
smce that date without modification. He also designed a "new” egg- 
shaped section, shown in b, Fig 113, for use where the normal flow is 
extremely small compared with the maximum, but this has not been 
used extensively The advantage of the egg-shaped sewer is that for 
BTnftll flows the depth is greater and the velocity somewhat higher than 
in a circular sewer of eqmvalent capacity. The depth of flow in the egg- 
shaped sewer is always greater than in the circular sewer for equal 
quantities, and for the small flows this increase in depth produces better 
flotation for the sohd matter and consequently better actual velocity 
than if the floatmg solids should become stranded, thus causing obstruc¬ 
tions to the flow. 

The egg-shaped section has the disadvantages of being less stable, 
more liable to crack, requiring more masonry, and being more difficult 
to construct. In very stiff soil or in rock, it is sometimes possible to 
excavate the bottom of the trench to conform to the shape of the invert 
of the sewer, but, in general, m yielding soil or where foundations are 
poor, requmng piles or timber platforms, the egg-shaped section requires 
considerable masonry backmg below the haunches to support the arch, 
even more than m the case of the circular sewer. For this reason, the 
egg-shaped section wiU be found in most cases more expensive than the 
circular type and, m the larger sizes, far more expensive than some of 
the other types which are discussed further on. 
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Fig. 113.—Typical orosa-seotions of sewers. 
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Catenary Section.—This section was used extensively on tho Massa¬ 
chusetts North Metropolitan sewerage system, under the direction of 
Howard A. Carson. Its principal advantage is in the fact that it con¬ 
forms so nearly m shape to the available space inside the wooden tim¬ 
bering m earth tunnels, as may be seen in Fig. 124, p 425. The section 
is strong in that the hne of resistance is weU within the arch section It 
has fairly good hydraulic properties, and the center of gravity of the 
wetted area is much lower with respect to the height than m tho case of 
the circular section. This last fact may be of some advantage in locating 
lateral connections at a lower elevation, or in raising the invert of tho 
main sewer. The former, of course, contemplates the possible operation 
of the lateral sewers under a head at times when the main sewer is 
running fuU. There are cases where this may be practical, but, in 
general, it should be avoided It is of material advantage, however, 
where the allowable difference in water level is small. A larger 
quantity can be earned for a given mcrease in depth than is the case 
with the circular sewer. The catenary section has been but little used 
of late years. 

Gothic Section.—This section, closely resembling the circular in shape 
and advantages, was also used to some extent on the North Motro- 
pohtan sewerage system in Massachusetts (see Fig. 36, p. 130). The 
horizontal diameter is about 17 per cent less and the vertical diameter 
about 8 per cent more than the diameter of the equivalent circle, and on 
that account it requires less width of trench than the circular section. 
Its greater height may be disadvantageous except under special condi¬ 
tions, because of the mcreased quantity of excavation required when 
the sewers are designed with hydraulic gradient at the crown. As may 
be expected, the hydrauhe properties are not far different from those of 
the circular section. The Gothic or pointed arch is somewhat stronger 
than the semicircular. This section is not in general use at the present 
time, although it has advantages for special cases. 

Basket-handle Section.—This section (Fig. 126, p 428) was devel¬ 
oped by Carson on the Massachusetts North Metropolitan sewer 
work and has been used to a large extent on that system, and also to 
some extent in other places It is so nearly a horseshoe typo that it is 
hard to draw a defimte hne between the two. Concermng this standard 
section (Fig. 1266) Carson states m his Third Annual Report to the 
Metropohtan Sewerage Commission, for the year ending Sept. 30, 1891: 

The horizontal diameter is about 6 per cent less than tho vertical. Tho 
arch IS shghtly pomted and the mvert is flatter than a soinicirolo. In this 
shape the area, perimeter, and the theoretical velocity, when flowing more 
than one-sixth full, differ but httle from the corresponding elements in a 
circle having the same height. In actual construction, under tho conditions 
that usually obtam on our work, this shape is more stable when entirely 
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completed, than a circular shape It requires more care, however, to prevent 
injury to the mvert, while the latter is being constructed 

In general the basket-handle section has about the same advantages 
and disadvantages as the horseshoe type, described next, into which it 
merges so that it is difficult to determine whether some sections should be 
classed as basket-handle or horseshoe The invert with the large radius 
curve and rounded corners between the side walls and invert, may have 
some advantage in strength, but the difference is so shght and the 
difficulties of construction so much greater than the form usually 
employed in the horseshoe type that it is not now in general favor. 
There may also be some slight advantage in havmg the Gothic arch 
because of greater strength and somewhat greater ease in removing 
collapsible arch forms. 

Horseshoe Section.—For large sewers it is probable that next to the 
circular section this has been more generally used than any other. 
Many horseshoe sections have been developed to meet varying conditions, 
a few of which are shown m Figs. 127, 128, and 129, pages 430, 431 and 
433, respectively Above the springing line the horseshoe section has a 
semicircular arch, while the side walls below the springing hne are 
vertical or incline inward, sometimes in a straight hne and sometimes 
curved The form of the invert vanes in section from a horizontal hne 
to a circular or parabolic arc, or other design intended to concentrate 
the low flows near the center of the invert. 

One great advantage of this type of sewer is that it conforms to the 
shape of the bottom of the trench as usually excavated and on that 
account does not require the large increase in masonry backing to sustain 
the arch, which is needed with circular and egg-shaped sewers built in 
anything but rock or the firmest of soil. Another advantage is that for a 
given width or horizontal diameter the sewer may be designed with less 
height as a horseshoe and stiU have the same carrying capacity as the 
circular section Where the depth of the sewer below the surface is 
controlled by the grade at the crown, there would be a consequent 
saving in excavation because of the decrease in depth. Where only a 
restricted amount of head room is available, the wide horseshoe type can 
often be used to advantage. In yielchng soil where it is necessary to 
spread the foundations, the horseshoe type can be used in an economical 
manner, because of the saving of masonry in the invert. The limit of 
the horseshoe section along this Ime is the semicircular section, in effect 
a horseshoe section without side walls. 

The chief disadvantage of the horseshoe section is that, unless the 
side walls are made heavy, the stability of the arch must depend to some 
extent on the ability of the earth backflUmg to resist the lateral thrust 
of the arch transmitted to the side walls near the springing Ime. The 
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effect of the side walls is to increase greatly the bending moment at the 
crown and center of invert, especially the latter. If the sewer is con¬ 
structed of monohthic reinforced concrete, with continuous reinforcing 
bars from the center of the invert to the crown of the sewer, the rein¬ 
forcement required to resist the bending moment at the crown and 
invert center and also at the springing Ime'will be considerable. 

If the horseshoe section is constructed in rock cut, so that the invert 
or base of the side walls can be built directly on the rock, the conditions 
will be greatly altered and the hne of resistance will be within the section 
much more often than if the sewer is constructed in compressible soil, 
with the whole structure actmg as an elastic rmg from the center of the 
invert to the crown. Bnck arches m compressible soil require tho 
construction of comparatively heavy side walls or abutments. The use 
of reinforcing metal in concrete has helped to remedy this condition, but, 
even with heavily reinforced sections, cases have been known where the 
arch cracked on the inside at the crown and on the outside at the quarter 
points or down toward the springing line. While this did not produce 
failure, it was objectionable from the point of view of leakage and rusting 
of the steel reinforcmg metal. It is impossible to conceive of tho passive 
resistance of the earth, especially in newly backfilled trenches, being 
brought into action without some movement of the concrete to compact 
the particles of earth next to the masonry. The effect of such movement 
on the stabihty of brick arches is well illustrated in a paper by Alphonse 
Fteley^ on “Stabihty of Bnck Conduits.” 

Semielliptical Section.—The arch of this section is either a true semi- 
elhpse, or is made up of three or more circular arcs approximating the 
semieUipse. As the center of gravity of the wetted area is lower with 
respect to the crown than in the circular sewer, the normal flow line will 
be much lower, which, as mentioned iu the discussion of the catenary 
section, may be of considerable advantage (see Fig. 130, p. 435). 

The chief advantage of this type of sewer is that the shape of the 
arch more nearly coincides with the Ime of resistance under actual work¬ 
ing conditions than is the case with other sections. Because of this, the 
arch section can be made relatively thm and stiU keep the stresses in the 
masonry withm allowable limits. The section is dependent for stability 
on the lateral pressure of the earth to only a small extent. The fact that 
the arch is of thm section and goes nearly to the invert makes it more 
necessary to design and construct the mvert so as to distribute the 
pressure over a sufficiently large area 

This section depends to a larger extent on the stability of the invert 
than IS the case with the sections previously mentioned. Where a 
sewer of the semieUiptical section is constructed m compressible soil and 
the structure is built monohthic, with reinforcing bars running continu- 

^Jour. Awoc Eng 8oe , 1883, 9, 123. 
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ously from the center of the invert to the crown of the sewer, there will 
be a large bending moment at the center of the invert. Under such 
foundation conditions, the invert should be made as thick as the arch at 
the springing line and should be heavily reinforced to withstand the 
etresses. Unless this is done, cracks are likely to occur at the center of 
the invert. 

As in the horseshoe type, the invert of the semielliptical section readily 
conforms to the bottom of the trench excavation, and for that reason the 
qufitntity of masonry below the springing Ime is not excessive. 

This section is not as advantageous for low flows as the circular, 
because of the wide and shallow invert in which there is a very low 
velocity. For sewers where the quantity to be earned is not subject to 
wide variations, however, and the normal flow is as much as one-third of 
the total capacity of the sewer, this disadvantage nearly disappears. 
The hydraulic properties of the semielliptical section are good in general, 
which, with the desirable structural features, make this type one of the 
best for sewers over 6 ft. in diameter. 

Parabolic or Delta Section.—This type of sewer was designed and 
built by W. B. Fuller^ at Duluth, Minn , in 1888 and later was used by 
James H. Fuertes* for the sewerage system of Santos, Brazil. In 1902 
Fuertes designed a similar section for Harrisburg, Pa., shown in Fig. 
133a, page 439. 

The sewer section is nearly triangular in shape, the arch being a parab¬ 
ola and the invert a short circular arc joimng tangents with slopes of 
about three horizontal to one vertical. The section shown has a some¬ 
what larger carrsdng capacity than that of a circular section of the same 
height. It IS both economical and strong, and has the added advantage 
that the normal flow line is lower than in the circular section. This is 
especially valuable in districts where the available fall is limited, as 
in cities where the effect of tide water requires the sewers to be built m 
shallow cut. The V-shaped invert is well adapted for low flows In 
this section, as in the semielHptical type, the shape of the arch nearly 
coincides with the hne of arch resistance, which results in a strong sec¬ 
tion. It has the disadvantage as compared with the semielliptical 
type, however, of requinng a wider space for equal capacity and height, 
because of the pomted arch. For locations where there is but httle 
depth of excavation, os m crossing low land, the section has a further 
advantage because the wide space makes it possible to construct the 
foundation to better advantage, and the greater carr 3 Tiig capacity below 
the springing line makes it possible to build a section of less height than 
in the case of the circular sewer, and where the sewer has to be covered 
by an embankment this involves a smaller quantity of earth work. 

' t Eng iVetos, ISOO, 94 , 374 

* Eng. Reoord, 1804, 39, 252. ' 
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Elliptical Section .—A few sewers have been constructed in this ooun 
try with a true elliptical section (Fig 125, p. 427), some with the longer 
axis vertical and others with it horizontal This section is unlike the 
semielliptical type in that both above and below the springing line, it 
18 an approximation to a portion of an ellipse. Unless the excavation is 
made in very firm soil, there will be additional masonry backing required 
below the haunches to support the arch, and this is usually an objection 
from the point of view of economy in masonry. In general, this shape 
IS difficult to construct, and because there are so few points to commend 
the section it has not come into general use. 

U-shaped Section.—In cases where the width of trench is limited and 
sufficient head room is available to build a sewer whose vertical diameter 
is materially greater than the honzontal, the U-shaped section has some 
advantages (see Fig 135e and /, p 442). The hydrauhc properties of 
the section of Fig 135e are fairly good until it becomes filled, when the 
hydrauhc mean radius is materially reduced due to the addition of the 
width of the roof to the wetted perimeter. The invert is well adapted to 
maintain good velocities for low fiows. It also has the advantage, 
because of the pointed shape, of offering a little less difficulty to the 
withdrawal of forms than the circular mvert. In proportion to its area 
it requires considerable masonry and on that account is not economical 
for large sewers, but for sewers m the vicimty of 3 ft. m size, it doubtless 
has advantages for special conditions. 

Rectangular Section.—This type has been used for many years where 
the head room or side room in the trench was limited, but more recently 
the rectangular section has been used for main lines because of the 
simplified form work, easy construction, economy of space in the trench 
both as regards width and head room and economy of masonry, espe¬ 
cially with hght cover, and also because of its excellent hydraulic prop¬ 
erties at aU depths less than full. As may be seen from the diagi’am of 
hydrauhc elements (Fig 47, p. 136), the velocity and discharge are 
relatively large just before the fiat top is wet, but decrease very much as 
soon as the wetted penmeter is increased and the hydraulic radius 
decreased by the wettmg of the top. On this account it is customary in 
desigmng rectangular sections to allow an air space above the maximum 
fiow hne of from 3 to 12 m , depending upon the size of the sewer and the 
amount of head room available 

Where the trench is in deep rock cut, this type can be used to great 
advantage, as is pointed out by Horner ^ With a narrow, high section, 
the width of excavation can be reduced materially, often more than 
enough to offset the increase in depth of trench required. The hydraulic 
properties of the section become less favorable as the ratio of the height 
to the width mcreases, Horner found the economical ratio to be between 

1 Eng News, 1012, 68, 420 
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1.6 and 2. A section of this type is shown in Fig. 1326, p. 438. The 
more common form of rectangular section has a greater width than 
height, as may be seen in Fig 134, p. 440. This section requires careful 
designing to insure its stabUity. The flat slab top if used must be 
designed as a beam to carry the earth load and the side walls must be 
strong enough to resist the lateral earth pressure. If the top is built in 
the form of a flat arch, the side walls must be strengthened to carry ithe 
thrust of the arch. 

In some cases the flat top has been constructed with I-beams encased 
in concrete, but this method is not economical of steel as the I-beams 
are designed to carry the load while the concrete merely acts as a filler 
between the beams and as a protection to the steel. This method, 
however, has the advantage of making it possible to complete the sewer 
and backfill the trench more quickly than where the roof is a slab rem- 
forced with bars'. The steel beams can be placed very easily and 
quickly and do not require such constant inspection as is the case with 
slabs reinforced with bars. It is claimed that in some cases this ease of 
construction will offset the additional cost of the steel, and in many cases 
where a large sewer is built in a congested distnct, it is of considerable 
advantage to be able to backfill the trench with the least possible delay. 

The V-shaped invert is frequently used with the rectangular section 
on account of its suitability for low flows. 

Semicircular Section.—This type of sewer, examples of which are 
shown in Fig. 131, page 436, has been employed rather extensively m 
New York City and vicinity, and is particularly adapted to the use of 
brick or stone masonry. Its most frequent use has been for outfaU 
sewers crossing low land, where the natural surface of the ground is 
largely belojv the top of the sewer arch and m places even below the 
invert. As with the other arched sections, the invert must be firm and 
well designed'to support the thrust of the arch. Two of these sections 
are often built side by side as twin sewers, instead of one large sewer, in 
order to save head room. 

As a rule, the section requires a larger amount of masonry in propor¬ 
tion to its capacity than other types. The hydraulic properties are not 
so advantageous os those of the rectangular section, which, since the 
advent of reinforced concrete, has commonly been used instead of the 
semicircular section. The semicircular section requires a wider trench 
and more extensive foundations for equal capacity and height than most 
of the other forms. , 

Sections with Cuifette.—Various types of sewers have been con¬ 
structed with a special dry-weather channel or cunette in the mvert. 
This type, although used extensively in France and Germany, has been 
employed but little m the United States. The most notable example 
is m the trunk sewers at Washington, D. 0. (Fig. 136c, p. 442). 
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This section requires additional masonry in the invert and a greater 
depth of trench, but has the advantage of providing a good channel in 
which self-cleansing velocities may be maintamed when the flow is small. 

Double and Triple Sections.—Where outfall sewers are located m 
thickly settled districts and the available head room is seriously limited, 
it sometimes is of advantage to divide the section mto two or more water¬ 
ways side by side m one structure. In other cases, .where a storm-water 
sewer is constructed above or below a large samtary sewer, it may be 
more economical to build both waterways in one structure, one over the 
other Representative types of such structures are shown in Figs. 137, 
138, and 139 (pp 444 to 446). 

SELECTION OF TYPE OF SEWER 

The selection of the type of sewer depends upon a number of condi¬ 
tions, all of which must be carefully considered and balanced in the 
choice of the best type to build. In general, that sewer is the best which, 
for the least cost per linear foot, will be easy to maintain in operation and 
will have the requisite stability to withstand the external and internal 
forces. In the following paragraphs a number of the principal items 
to be considered are enumerated in detail. 

Hydraulic Properties.—Diagrams of the pnncipal hydraulic elements 
of a large number of sewer sections have been given in Chap. Ill (Figs. 
32 to 48, pp. 128 to 136). 

Theoretically, the best cross-section for a sewer, from the standpoint 
of hydrauhcs, with a given slope, S, and carrying a uniform quantity of 
water per umt of time, is the semi-circle for an open channel and circle 
for a closed channel, both running full, because the hydrauhc mean 
radius, 72, has a greater value for these sections than for any other of 
equal area, and consequently the velocity of flow is greater. 

This theoretical advantage is partly offset by the fact that the flow in 
sewers is not uniform but is constantly changing in depth, and, there¬ 
fore, the minimum velocity is an important consideration. The circular 
section is not as advantageous as the egg shape for low flows. 

In some cases, a small semicircular channel has been constructed in a 
V-shaped mvert to carry the TmniTrmTn flow. Assuming a certain 
m in imum velocity is to be main tained with a given minimum quantity 
of sewage, the diameter of the small semicircular channel required for 
this flow can readily be computed. The V-shaped invert with circular 
arc at the junction has been used to advantage with the rectangular 
sewer section and also with some of the other types. 

Where the normal flow is equal to one-third or more of the maximum 
flow, the circular type is the best for velocity and carrymg capacity, but 
there are other considerations which usually affect the form of the sewer 
and may dictate some other type. 
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In comparing one section with another, it is important to study the 
relation between the depth of flow and the corresponding velocity and 
discharge. The diagrams m Chap III give, for each of the principal 
types of conduits, the ratio of each of the three hydrauhc elements, area, 
mean velocity and discharge, of the filled segment to that of the entire 
section, corresponding to any ratio of depth of flow to vertical diameter. 

Construction and Available Space.—The method of construction of a 
sewer, whether in open cut or in tunnel, may have an important influence 
on the selection of the type. In tunnel work especially, it is desirable 
to have a section which wfll utilize to the best advantage aU of the space 
inside the tunnel bracing In earth tunnels, where the common form of 
timbering is used, the catenary or seimeUiptical sections conform readily 
to the available space In rock tunnels, the circular or horse-shoe sec¬ 
tions are likely to be more advantageous. If the sewer is built in open 
cut, the form of section will be influenced by its abflity to carry the earth 
loads. 

Where the excavation is in rock or firm soil, it is often possible to 
shape the bottom of the trench to conform to the shape of the invert of 
the sewer and thereby save considerable thickness of masonry in such 
types as the circular or egg-shaped sections If the excavation is in 
soft matenal, where the bottom of the trench must necessarily be flat, or 
if the sewer is to be built on piles or a timber platform, considerable 
additional masonry will be required for the circular or egg-shaped sewers. 

The amount of space available for a sewer may be exceedingly limited. 
Sometimes the head room is limited because of the proximity of the 
surface of the street to the grade of the sewer, sometimes the side room 
is limited because of adjacent structures, and again the available depth 
may be limited on account of tide water or other conditions which control 
the allowable depth to the hydraulic grade line. The rectangular section 
has proved one of the most useful for such conditions, although the horse¬ 
shoe section, with horizontal and vertical diameters adjusted to meet the 
conditions, has been used frequently. In a few cases, the full elliptical 
section has also been used in restricted places. Where the hydraulic 
grade line depth is limited, it is desirable to use a sewer section which will 
carry tho maximum and mimmum flows with the least variation m depth 
of flow. The catenary, parabolic, seinielliptical, and rectangular sec¬ 
tions are especially suitable for this purpose, as the center of gravity of 
the wetted area is comparatively low in contrast to the circular section. 
The semicircular section has also proved useful in this connection, 
although the rectangular section is being used in preference in the more 
recent work of this character. 

Cost of Excavation and Materials.—The cost of excavation reqmred 
by one type as compared with another should be carefully considered, for 
if the excavation is in earth in a deep trench, it will probably be cheapest 
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to use a narrow and deep section and thereby save considerable width of 
excavation, even though the depth of excavation be slightly increased. 
This will be especially true in a roqk trench, where it may be found of 
advantage to use a narrow rectangular section having a height IK to 2 
times the width For a sewer bmlt m very shallow cut, or practically on 
the surface of the ground, a wider section will be advantageous, because 
httle additional cost is incurred by increasmg width, whereas greater 
depth may increase materially the cost of excavation. Furtherinore, the 
cost of an embankment over a wide section will generally bo less, because 
of reduced height. The parabohc or delta section is especially useful for 
crossing low lands where the sewer is largely out of the ground and must 
be covered by an embankment. The semicircular section has also been 
used for this purpose, but has been superseded more recently by ’the 
rectangular section, having a width about IK times its height. 

In former years, many sewers were constructed of stone, but in recent 
years other materials have proved less expensive and better adapted to 
this type of construction and very few sewers are now built of stone. 
The costa of labor and construction matenals vary greatly in different 
localities and this may influence to a large extent the type of construction 
selected. 

In general, from the structural viewpoint, a self-supporting sewer is 
more desirable than one which depends partially on the passive resist¬ 
ance of the earth backfilling for its stabihty. When comparing the 
relative costs of sewers of several types, care should be taken to see that 
the masonry sections are structurally comparable. For example, it is 
obviously unfair to compare a monolithic concrete sewer of the type 
shown m Fig. 115, page 406 with a two-rmg brick sewer, unless account 
IB also taken of their relative stabihties 

The object in designmg a sewer section should be to obtain one in 
which the quantity of masonry and other materials is a minimum 
consistent with the requisite stabihty, hydrauhc properties, and other 
considerations. 

For sewers m which the normal flow is at least one-tliird of the maxi¬ 
mum flow, it has been found that the semieUiptical section is eoononucal 
in masonry and at the same time provides for the other requirements. 

Stabflity.—The structure must be designed to carry the load of earth 
on backfill above it as well as any superimposed load. The circular arch 
is not as strong as either the Gothic, the parabolic, or the semieUiptical 
arch The semicircular arch depends for stability to a great extent 
upon the lateral pressure of the sides of the trench, and also to a certain 
extent on the lateral resistance or passive pressure of the earth backfill¬ 
ing although this can be obviated by increasing the thickness of the side 
w^ or abutments. The semicircular sections obviate part of this 
difficulty by omitting the side walls and resting the arch directly on the 
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Invert or foundation. In a rock trench the ability of the sides of the 
trench to resist pressure is so great that the side walls of the sewer can be 
greatly reduced in thickness, the thrust of the arch being carried directly 
into the rock. In this case a very flat arch can be used to advantage. 

Imperviousness.—Where a sewer is to be constructed under a nver 
bed or below the water table, it may be of particular importance for the 
walls of the sewer to be impervious. To this end, if the sewer is built 
of concrete, it is desirable to insert longitudinal reinforcing bars in the 
concrete with a total area of 0.2 to 0.4 per cent of the sectional area 
of the concrete, in order to distnbute the stress throughout the length 
of the sewer barrel and thereby prevent the formation of cracks which 
would permit leakage. 

While the possibility of leakage or infiltration does not ordmanly 
determine the shape of a sewer, it is worthy of consideration when the 
selection is to be made. For example, if a sewer is to be built below the 
water table it may be well to adopt a section which is least likely to 
crack, whereas under other conditions the advantages of a different 
section might be sufficiently great to warrant its use even though small 
arch cracks were to be expected. 

SELECTION OF SIZE OF SEWER 

In Chaps V and VIII, methods are given by which the quantity of 
sewage and storm water for which the sewers are to be designed, can be 
estimated. In determimng the size of sewer to carry this estimated 
quantity, an additional factor of safety is often allowed by computmg 
the sewer as flowing less than completely full, as one-half or two-thirds 
full Such an allowance does not seem to be logical, for uncertainties as 
to the quantity of sewage produced and the hourly, daily, and seasonal 
variations should be considered in estimating these quantities, the sewer 
being designed to carry them without further allowances, its capacity 
corresponding to the maximum estimated quantity of sewage. 

Designs of rectangular and U-shaped sewers should be baaed upon 
the capacity when completely full, unless a very liberal air space is pro¬ 
vided, since there are several factors not considered in design which 
might cause the water to rise to the roof if the space were small As can 
be seen from Figs. 40 and 47, pages 136 and 136, both the velocity and 
discharge are materially reduced when the inside perimeter of the sewer 
becomes completely wet, owing to the reduction in the hydrauhc mean 
radius. 

Hydraulic Diagrams and Tables.—Diagrams giving the discharge of 
circular conduits can be used to compute the velocity and discharge m 
the case of conduits of other shapes, pro^dded the hydraulic mean radius 
of the section in question is known. Any two sewers having the same 
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hydraulic mean radius and constructed on the same slope, will theoret¬ 
ically have the same velocity, but not necessarily the same discharge, 
owing to the difference in the area of the sections. 

If we know the hydrauhc mean radius of a special section, as, for 
example, a parabohc section, we can find the corresponding velocity from 
the diagram for circular conduits for any specified slope; and from the 
product of the velocity thus obtained by the area of the parabolic section, 
the corresponding discharge of that section can be computed 

Where considerable work is to be done with one type of sewer of 
different sizes, it wiU be found a great convemence to construct a diagram 
for it, in order to save computations. Such diagrams are given in Figs. 
32 to 48 inclusive (Chap. III). 

Data of this character may also be arranged in the form of a table, 
similar to Table 33, page 140, which gives the values of the hydraulic 
elements of the Boston type of horseshoe section, as computed by F A. 
Lovejoy of the Boston Sewer Department. These values are based on 
Kutter's formula for n = 0.013. The Boston type of horseshoe section 
is shown in Fig. 113c, page 391. The values in the table multiplied by 
Vis, will give the correspondmg discharge of the sewer flowing full. 
The form of this table is that used by P. J. Flynn in "Hydrauhc 
Tables” (Van Nostrand Science Series). 

Equivalent Sections .—A diagram (Fig. 114) designed by Frank 
Allen and Otis F. Clapp^ shows the dimensions of equivalent horseshoe 
and circular conduits flowing fuU, based on Kutter’s formula with n = 
0.013 The form of the horseshoe section is shown in the figure, D being 
the vertical diameter, W the horizontal diameter; the radius of the side 
walls, 2W, and the radius of the invert 2W. By equivalent conduits is 
meant conduits havmg equal cariymg capacities but not necessarily 
equal areas In this type of horseshoe section, the arch is always semi¬ 
circular The limitmg cases covered by this diagram are a section hav¬ 
ing only arch and mvert, in which D is 0.5635W, and a section in which 
D = W. 


The following modified form of Kutter’s formula given in Swan and 
Horton’s "Hydraulic Diagrams” was used m computing tbip diagram; 


V = 



VW 


m which x and Z are empirical constants The quantities x and Z vary 
but slightly between wide hmits in the value of S, and may therefore be 
considered approximately constant withm such limits. With n = 0 013 
and S between the limits of 0 001 and 0 010, a: = 0 661 and Z = 181 69, 
with sufficiently close approximation, while for S between 0.010 and 1.00, 

1 Eng. Record, 1004; SO, 430 
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X = 0.642 and Z = 181.02. (This is, in effect, a still more “simplified” 
form of the “simplified Kutter formula” referred to in Chap. II, p.'93.) 

In order to descnbe the method of using the diagram the following 
example is quoted'^ 

Required a horseshoe shape 78 in. high, equivalent in diHfihnrgiTi g capacity 
when flowing full to a 96-in c^cular section. Find 78 at the left and 96 at 
the bottom of the diagram; trace the horizontal hne through 78 to its 
mtersection with the vertical through 96, which falls upon a height diagonal 
numbered 66, then trace along the 78 horizontal agam, to the nght or left, 
as the case may require, until the 66 width diagonal is met; then look to the 
top and find 120 for the width of the horseshoe. All dimensions ore given 
m mches. A 78- by 120-m. section of the type shown is equivalent in 
flowmg capacity to a 96-in. circle. 

For sections larger than those plotted on the diagram, a convenient 
fraction, such as one-third, of the dimensions may be taken, and the 
results increased three times to obtain the desired figures. 

DESIGN OF CROSS-SECTION 

In selectmg the dimensions of the masonry section to avoid excessive 
stresses in the masonry and at the same time be economical of material, 
it is unwise to reduce the thickness to theoretical bmits on account of the 
uncertainty as to the quality of work obtainable. The saving by using 
extremely thin sections with high stresses is small and may prove to be 
false economy. For masonry sewers 6 ft and less in size, the thickness 
of the best section wiU often depend more on the im'niTTnm-n thickness 
allowable on account of construction methods than on the stresses 
developed m the section. For plain and reinforced concrete sewers, a 
min i mum crown thickness of 6 in is considered good practice, but a less 
thickness is not desirable when the intention is to obtain first-class work. 
Some experienced engmeers would adopt a miniTnnm thickness con¬ 
siderably greater than 6 in because of the uncertainty of securing satis¬ 
factory concrete under the conditions with which they have had to 
contend; they would arbitrarily increase the thickness of masonry 
throughout. 

Empirical Formulas for Thickness of Arches.—In selecting the dimen¬ 
sions of a trial arch section, the following formulas may be of assistance. 
They should not be rehed upon, however, to determine the final section. 
The formulas are only approximate and do not take into account many 
of the conditions which should govern the design of an arch. 

F F . Weld^ gives the foUowmg 

The wnter has devised the following equation, based upon a study of 
all available data upon the subject and his own experience m designing arches 

* Eng Record, 1904, SO, 430 

’ Eng Record, 1906, 62, 629. 
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for a great variety of conditions. He believes rt a safe guide for all ordinary 
conditions of span and load 

io = H2(V-S + O.LS + O.OOSpr, + 0.002SF) 
where Wi = bve load uniformly distributed, and V = weight of earth fill 
over the crown, both in pounds per square foot. The arch rmg at the 
quarter points should have a depth of from to depending upon 
the curves of the mtrodos. 

Taylor and Thompson^ state that the Weld formula gives fairly 
correct results in ordinary cases 

Obviously, the thickness for a hingeless arch should increase from the 
crown to the springing The radial thickness of the rmg at any section is 
frequently made equal to the thickness at the crown multiplied by the secant 
of the angle which the radial section makes with the vertical. For a three- 
centered mtrados and an extrndos formed by the arc of a circle, these 
tnal curves may be at the quarter points a distance apart of to times 
the crown thickness and at the spnngmgs two to three times the crown 
thickness 

American Civil Engineers’ Handbook^ gives the foUowmg formulas 
for the approximate thickness of a masonry arch at the crown for spans 
under 20 ft 

First-class ashlar . . U = 0.04(6 + S) 

Second-class ashlar or br ok. ie = 0 06(6 -|- 5) 

Plain concrete ... ta = 0.04(6 S) 

Reinforced concrete ... te = 0.03(6 S) 

The thickness of masonry at the springing line may be computed m 
the following manner from the crown thickness, as given by the above 
formulas. 

Add 50 per cent for circular, parabohc, and catenarian arches having a 
ratio of riso to span less than J-^. Add 100 per cent for circular, parabohc, 
catenarian, and three-centered arches having a ratio of rise to span greater 
than Add 160 per cent for elliptical, five-centered, and seven-centered 
arches These thicknesses should be measured along radial jomts. 

It is also stated that the crown thicknesses, computed by the above 
fonnulas, should be mcreased about 60 per cent for culverts under a 
high fill and about 25 per cent for railroad arches. 

Frj/e® states that the following formulas give very close results for 
first-class concrete and cut-stone work. 

For highway bridges, 

U = + 3 ) + 0.15 

1 " Concrete, Plain and Ileinforoed," Third Edition, 716, 

’ Fifth Edition, 968 

’ “Civil Ensineers Poeketbook," 1913; 766. 
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For high highway embaiikments or for railroad bridges, 

tc = >Jo + 4) + 0 20 

For high railroad embankments, 

tc = yjo + 5 ) + 0.26 


For all cases 


t. = tc[l + 0.002(^ + 2r)] 


EXAMPLES OF SEWER SECTIONS 

Sewer Sections Actually Used.—The designing engineer will derive 
much assistance from a study of sewer sections used by other engineers 
The dimensions of many such sections are available, although so scat¬ 
tered through engmeermg hterature as to make difficult a ready compan- 
son of their sahent features. 

In cities where considerable sewer construction is in progi’ess, it has 
often been found advantageous to formulate a set of standard sections 
for sewers of different sizes, thus making it unnecessary to prepare special 
designs for each sewer These standard sec¬ 
tions, especially for the smaller sizes, have 
been based largely on the analysis of a number 
of sections previously adopted, and upon ex¬ 
perience in their construction. They are 
valuable, therefore, as representing the judg¬ 
ment and experience of engineers with respect 


{[ ^ I to sewers actually constructed and as not 

[*<-.^.■>!I necessarily being confined to theoretical lines. 

. .The data relatiner tn and t.hft illnfl+.ro+.inna 



Noie' 

Diamehr of Sewer 
Kj-iif. »» » w 


Fio 115.—^Louisville 
standard concrete section. 


The data relating to and the illustrations 
of sewer sections presented in the following 
pages, should be considered merely as furnish¬ 
ing to the designing engineer suggestions 
which he may find helpful in preparmg 
designs for the particular work in hand. As 
the local conditions attending the construc¬ 
tion of these sewers cannot be accurately known, it should not be 
assumed that any of them can be adopted without modification for the 
conditions surroundmg the work m hsjid. 

Standard Sewer Sections.—In Figs. 115 to 119, inclusive, and in 
Tables 120 to 124 are shown a number of sections adopted as standards 
at various places. 

Louisville, K.y. ^The cross-sections of plain concrete sewers shown m 
Fig 115 and Table 120, were prepared for the Commissioners of Sewer¬ 
age of Louisville, Ky., J. B. F. Breed, Chief Engmeer. The dimensions 





MASONRY SEWERS 


407 


given were based on wbat experience had shown to be a safe thickness of 
masonry under the conditions there existing. The mimmum thickness 
at the drown and at the invert'was fixed at 5 in. because of the practical 
difficulty of obtaining with certainty a first-class wall of monohthic 
concrete of less thickness. The shape of the masonry invert is depend¬ 
ent upon the character of the excavation, whether it is in firm ground or 
soft ground, these being the terms apphed to materials which would and 
would not stand when trimmed to the shape of the firm ground section. 
For sewers of this type constructed on timber platforms or piles the hne 
of the under side of the concrete invert should be horizontal. For rem- 
forced-concrete sections, the thickness of masonry shown for the larger 
diameters may be somewhat reduced. 

Table 120 —Dimensions of Plain Cibcular Concrete Sewers, 

Louisville 


Quantity of 

DlmonBionB of tlio Bootions oonorate, ou. yd. 

per lin ft sewer 


Diam¬ 

eter 

k 

k 

Si/2 

Bi /2 


Ki 


Kt 


Rx 


Ri 


Rt 

Finn 

ground 

Soft 

ground 

24" 

6" 

6" 

1' 7M" 

1' 

Btl" 


0" 

1' 

10)4" 

1' 

0" 

1' 

0" 

1' 

6" 

0 

13 

0 

16 

27" 

5" 

6" 

1' O'!*" 

1' 

109i" 


0)4" 

2' 

l)lo" 

1' 

1)4" 

1' 

8" 

1' 

0)4" 

0 

16 

0 

IS 

30" 

6" 

5" 

3' 0" 

2' 

Wi" 


7)4" 

2' 

4)4" 

V 

3" 

1' 

10" 

1' 

8" 

0 

IS 

0 

21 

33" 

6" 

6" 

2' 2?fi" 

2' 

4)1" 


8)1" 

2' 

0‘)l(i" 

1' 

4)4" 

2' 

0" 

1' 

0)4" 

0 

10 

0 

23 

30" 

5" 

6" 

I ' m " 

2' 

0)1" 


0" 

2' 

0)1" 

1' 

0" 

2' 

2" 

1' 

11" 

0 

22 

0 

20 

30" 

6" 

6" 

2 '711" 

2' 

0)1" 


0)1" 

3' 

0)1 o" 

1' 

7)4" 

2' 

4" 

2' 

0)4" 

0 

26 

0 

20 

42" 

0" 

0" 

2' OW" 

3' 

0" 


10)4" 

3' 

3)4" 

1' 

0" 

2' 

0" 

2' 

3" 

0 

20 

0 

36 

46" 

0" 

0" 

3' 0" 

3' 

2)4" 


11)1" 

3' 

6)1 o" 

1' 

10)4" 

2' 

8" 

2' 

4)4" 

0 

33 

0 

40 

48" 

0" 

0" 

3' 2W" 

3' 

6)i" 

1' 

0" 

3' 

0" 

2' 

0" 

2' 

10" 

2' 

0" 

0 

38 

0 

46 

61" 

0" 

0" 

3' 4?i" 

3' 

8" 

1' 

0)1" 

3' 
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2' 

1)4" 

3' 

0" 

2' 

7)4" 

0 

41 

0 

40 

64" 

0" 

0" 

3' 7)1" 

3' 

10)1" 

1' 

Da" 

4' 

2)4" 

V 

3" 

3' 

2" 

2' 

0" 

0 

43 

0 

63 

67" 

0" 

0" 

3' m" 

4' 

1)4" 

1' 

2)1" 

4' 
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2' 

4)4" 

3' 

4" 

2' 

10)4" 

0 

47 

0 

67 
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6" 

7" 

4' 0" 

4' 

4" 

1' 

3" 

4' 

8)1" 

2' 

0" 

3' 

0" 

3' 

0" 

0 

63 

0 

66 
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0" 

7" 

4' 

4' 
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1' 
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4' 
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2' 

7)4" 

3' 

8" 

3' 

1)4" 

0 

67 

0 

71 

00" 

0" 

7" 

4'4)1" 

4' 
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1' 

4)4" 

5' 
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2' 

0" 

3' 
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3' 

3" 

0 

01 

0 

77 
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0" 

8" 

4' 7H" 

6' 

0" 

1' 

6)1" 

6' 

4i)lo" 

2' 

10)4" 

4' 

0" 

3' 

4)4" 

0 

00 

0 

84 

72" 

0" 

8" 

4' m" 

6' 

2)4" 

1' 

0" 

5' 

7)a" 

3' 

0" 

4' 

2" 

3' 

6" 

0 

70 

0 

88 


Plane surfaces may be used for the exterior of the sewer and this 
may occasionally be more economical^ although involving additional 
masonry. 

Borough of the Bronx .—^Figure 116^ shows the standard forms of 
circular and egg-shaped sewers, constructed of unreinforced concrete. 
The mimmum thickness of masonry, as given in these tables, is 6 m. for 
a minimum diameter of 33 in. 

1 Eng News-Record, 1020; 88, 148 

*In "Standard Dotoils of Construotlon," 1913, Borouah of the Broni, N Y, Bioliard 
H. GlUospio, Chief Eng of Sowers and Highways. This section is still (1928) standard 



408 AMERICAN SEWERAGE PRACTICE 



CtttUjSif £gg-Shaped Sewftt* 

Fio. 116.—Standard plain concrete Bootions. (Bronx.) 


Table 121. —Standabd Plain-conobbtb Sbotions, Borough of the 
Bronx, New York City 




Width of Outside 

Offset 

Concrete 

CiroulBT 

Cro'wn 

base radius Z 


1 

area, 






A 

B 

square feet 

2' 9" 

6" 

6'3' 

' 2' 

IH" 


1' 91Kb" 

11 94 

3' 0" 

6" 

6' 6' 

' 2' 

3" 

rVi" 

1' UM" 

12 82 

3' 3" 

8" 

6' 3' 

' 2' 


7«b" 

2' OH" 

16 41 

3' 6" 

8" 

6' 6' 

' 2' 

9 

7Mb" 

2' m" 

17.46 

3' 9" 

8" 

6' 9' 

' 2' 10>S" 

7H" 

2' 3H" 

18 52 

4' 0" 

8" 

r 0 ' 

' 3' 

0" 

7Mb" 

2' 4H" 

19 60 







Offset 

Con¬ 

Egg 

Crown 

Width 

Outside 

Radius 

Radius 


crete 

shaped 

of base 

radius Z 

X 

Y 


area, 







A B 









sq ft. 

29" X 40" 

6" 

4' 9" 

1' IIH" 

2' lOJ^" 

7H" 

6Kb" 2' 3H" 

12 82 

32" X 44" 

6" 

6' 0" 

2' 1" 

3' OKfl" 

7H" 

6Hfl" 2' 6H" 

14 00 

34" X 46" 

6" 

6' 3" 

2' 2" 

3' 2" 

0" 

0" 2'OiHfl 

" 14 78 

38" X 60" 

8" 

6' 0" 

2' 7" 

3' 

9" 

6Mb" 2' 8Hb 

" 10 08 

40" X 63" 

8" 

6' 3" 

2' 8" 

3' 4iMe" 

9" 

6" 2' 10Kb 

" 20 33 

42" X 66" 

8" 

6' 6" 

2' 9" 

3' 9^"' 

12" 

6H" 3' OK" 

21.43 


Gregory’s Semielliptical Section.—A standard semielliptical section, 
shown in Fig. 117, was worked out in 1910 by John H Gregory in con¬ 
nection with the preparation of plans for a large trunk sewerage project. 
He stated that this section, which was designed to be built of concrete, 
13 better adapted for sewers 6 ft and over in size than for smaller ones. 
The several dimensions are given in terms of the height, D The func¬ 
tions of the diameter were so chosen, that with increments of 3 in. in 
the height, the resulting dimensions will come out m whole inches or 
inches and fractions of an mch m common use. as. for example, quarters. 
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Fig 117.—Gregory’s standard aemi-elliptioal seotion 


Table 122.— Abba and Voltimb ob Masonbt in Sbmiblliptioal 

Sewers 


Inside diamotcr 

Gregory's Section (Fig. 117) 

Area, square feet 

Volume of 
masonry, 

of sewer 

Gross area 

Aren of sec¬ 

Net area of 

cubic yards 

D 

on outsido 
lines 
1.265Z)a 

tion inside 

0 8170D® 

masonry 

0 4475D» 

per linear 
foot 

0.01657D® 

(1) 

(2) 

(3) 

(4) 

(5) 

6' 0" 

45.54 

29 43 

16 11 

0 597 

6' 6" 

53.45 

34 54 

18 91 

0 700 

7/ 0 ^^ 

61 99 

40 06 

21 93 

0 812 

7' 6" 

71 16 

45 99 

25 17 

0 932 

8' 0" 

80 97 

52.33 

28.64 

1 061 

8' 6" 

91.40 

59 07 

32 33 

1 197 

9' 0" 

102 5 

66 23 

36 25 

1 342 

9' 6" 

114 2 

73 79 

40 39 

1 496 

10' 0" 

126.5 

81.76 

44 75 

1.657 

10' 6" 

139 5 

90 14 

49.34 

1 827 

11' 0" 

153 1 

98 93 

54 15 

2 005 

11' 6" 

167 3 

108.1 

59 18 

2 192 

12' 0" 

182 2 

117 7 

64 44 

2 387 

12' 6" 

197.7 

127 7 

69 92 

2 590 

13' 0" 

213 8 

138 1 

76 63 

2 801 

13' 6" 

230.6 

149 0 

81 56 

3 021 
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eighths, or sixteenths. Gregory further stated that the section is 
suitable for use only where the conditions are such that the side walls 
will be firmly supported by the sides of the trench. Where these condi¬ 
tions cannot be obtained, the side-waU sections should be modified to 
meet the conditions. 

The horizontal and vertical diameters of the section are the same, and 
the horizontal diameter is located one-third the height above the bottom 
of the sewer. The gross area of this section on outside lines equals 
1.2651Z)2, the area of the section inside equals 0.8176Z)*, and the net area 
of masonry equals 0.4475D®. 

Table 122 shows the area of these sections and the net volume of 
masonry in cubic yards per linear foot for each size from 6 ft to 13 ft. 
6 m. in diameter by 6-in steps. Additional data in regard to the 
hydrauhc elements of this section are given in Table 32 and Fig 44, 
while the velocity and discharge for various diameters are shown in Fig. 
20, foUowmg page 90 Gregory further stated^ 



Fio. 118 —Metcalf and Eddy’s standard semiolliptioal section. 


In conclusion it should be pointed out that the dimensions given for 
the masonry section are a minimum and that not only would the host of 
matenalfl and workmanship be required, but also careful mspcction. Where 
I Eno News, 1914, 71, 662. 
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these conditions cannot be obtained or where the sewers would be required 
to carry heavy loads, the sections should be reinforced with steel or the 
dimensions increased, especially the arch and side walls. 


Table 123 — Minimum Dimensions of Authors’ Semihlliptical Sewer 

Section 


See Fig. 118 
6 I 0 I 7 I S 
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Area of waterway = 0.7S31Z)’ Area of oouoroto sootloii = 0,3024D’. 


Authors’ Semielliptical Section.'—The details of the semielliptical 
section shown in Fig 118 and Table 123 were developed by the authors 
from the experience in constructmg sewers of this type at Louisville, Ky. 
In all of the principal types the stresses were carefully analyzed, but no 
defimte standards were developed in the Louisville work, and on that 
account the sections actually constructed vary slightly from the one 
showm. This sewer is intended to be constructed of concrete reinforced 
with steel bars. The dimensions given are probably the least which 
should be used for the sizes tabulated; and it is probable that, for smaller 
sizes, the thicknesses at crown and invert should not be less than those 
for the 6-ft sewer, namely, 6 and 9 in., respectively. 
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For any given conditions, the stresses which would exist should be 
deternuned by the methods described in Chap. XIV, and the tliickness of 
concrete and amount of steel required to sustain these stresses should be 
provided. 

The Dresser formulas on p. 617 are applicable to the semieUiptical 
section shown in Fig 118 and Table 123. By their solution, the required 
thickness of concrete and amount of steel can be approximated with a 
TnimTmim of labor and with sufficient accuracy for nearly all purposes. 

St. Louis Five-centered Arch.—The standard cross-section of the 
five-centered arch or semielliptical type of sewer shown in Fig. 119 was 



Fig. 119 —St Louia five-centered arch sewer 


fli - 0 4048W: Jit -- 0,5286TF, Bi - 0 7774W, Bo - 2 73216 - 0 8468(a -|- 5): Bs - 
0 4660(a -I- 6); B, - 1 8862(o + 6) - 2 73216; t - 0 122217 - 0 1607, /? - 0 766817 

— 0 6621, Area - 0 660917» — 0 886417 — 0 1609, Wetted perimeter - 2 821117 - 
0 8289 


furnished by W. W. Homer. Table 124 gives the leading dimensions 
and hydraulic properties of this section. The following notes in regard 
to the design of this standard section have been taken from a paper by 
P J. Markmann, Office Engineer, St. Louis Sewer Department. 

In the prehmmary studies, three systems of external forces were 
studied. The first, called the “standard” system, was composed of 
vertical forces due to the total weight of the backfill resting on the sewer 
arch and a small ambunt of horizontal earth pressure, depending in 
amount upon the angle of repose of the earth, assumed to be 26 deg. 
The second system of external forces consisted of vertical forces only and 
Ignored the existence of any horizontal earth pressure. This case would 
express the condition of the angle of repose approaching 90 deg., and 
would cover the possible case of horizontal forces in the “standard” 
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system of loading, having been assumed too great as compared with the 
vertical forces. The third system consisted of external forces acting 
normal to the center line of the arch, these forces being assumed equal to 
the weight of the fill, which is equivalent to a very wet condition or 
hydrostatic pressure In each case, analyses were made for varying 
depths of fill, 10 ft., 20 ft, 30 ft., and 40 ft. from the ground surface to 
the crown of the sewer. 


Tablh 124. —PnopBRTiBB OP Fivb-cbntbrbd Arch Sbwbb (Fig 119) 
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The line of pressure m the arch for the standard system of forces was 
found to be a close approxunation to an elliptical curve, and as the forces 
were assumed symmetrical, the major axis of this ellipse coincided with 
the vertical axis of the arch. , * 

The arches were actually designed with a curvature following that 
of the line of pressure of the standard system of forces. The line of pres¬ 
sure for the second system of forces fell inside the standard line, thereby 
causing negative bending moments between the crown and spnnging 
hne in the arch. The line of pressure for the third system of forces, for 
nearly all depths of fill, fell outside the standard line of pressure, causing 
positive bendmg moments between the crown and sprmging line. 

The sewer arch of any required size was designed of such varying 
thickness (mcreasing from crown to abutment) as to resist, in addition 
to the direct thrust, not less than 50 per cent of the moments indicated 
by the positions of the hues of pressure for each of the two extreme 
conditions of loading. 
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The hydraulic radius of this conduit is equal to the hydraulic radiui 
of a circle whose diameter d= 0.7422PF, where W is the horizouta 
diameter of the conduit. The area of the conduit is equal to the aret 
of a circle whose diameter d = 0.8PF. The hydraulic radius of th( 
conduit IS nearly 93 per cent of that of a circle of equal area. 

Louisville Sewers.—During 1907 to 1913, mclusive, there were 
constructed at Louisville, Ky., the main and intercepting sewers of a 
comprehensive system of sewerage. On tliis work J. H. Kimball was 
Designing Engineer, J. B. F. Breed, Chief Engineer, and Harrison P. 
Eddy,' Consulting Engineer. Practically all sewers wore constructed 
of concrete, the majority of them being reinforced with steel bars The 
sizes varied from 8 in. to 15 ft. Table 125 gives the principal dimen¬ 
sions of a number of the larger sewers and is of interest in connection 
with Fig 118, as showing the thicknesses of masonry actually con¬ 
structed at LouisviUe Additional data concerning these sewers will 
be found m other chapters of this book. 

Table 125 —Principal Dimensions op Sewers Constructed in Louis¬ 
ville, Kt., 1907-1913 
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Dflta from oonteaot drawings—CommisBionerB of Soworage. 



MASONRY SEWERS 


415 


Table 126. —Concrete Sewer Arches in Earth, St. Louis 
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Table 126. —Concrete Sewer Arches in Earth, St. Louis.— 
(Continued) 


Hon- 
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diameter 
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Type 


Thickness of oonerote 


Matonals per linear foot 
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Depth 
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20 

10 

14 
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10 

10 

14 

10 

Horse-s 
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NoTB Locatione indicated by letters In last 
A River Des Peres, Tunnel Lme 
B River Dee Peres, River Line 
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17 

1 207 

0 

146 

131 60 

F 

10 

1 460 

0 

146 

146 60 

F 

18 

1 607 

0 

146 

74 60 

D 

23 

1 870 

0 
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D 


column 

D South Harlem Joint 
R Qloise Creek Joint 
F Rook Creek Joint 


St. Louis Sewers.—considerable number of sewer sections of large 
size have been designed and constructed by the St. Louis Sewer Depart¬ 
ment, and data upon these sections are given in Tables 126 to 128. 
Two classes of concrete were used; mortar for Class A concrete had a 
ratio of 1 bbl. of cement to 7 6 cu ft of sand; and that for Class B con¬ 
crete, 1 bbl. of cement to 11 4 cu. ft of sand. The concrete was made 
by imying with the broken stone or gravel an amount of mortar of the 
proper class 10 per cent in excess of the voids in the stone or gravel. 
For Class A concrete, the umt allowable stress in the concrete was 
assumed between 500 and 560 lb. per square inch; and that for Class B 
concrete from 400 to 450 lb. 

These arches were designed independently for particular conditions 
of hve load, vibration, and other conditions The Baden sewer arch 
IS of Class A ; and the mvert, of Class B concrete. All other elliptical 
sections are of Class A concrete throughout. The River Des Peres 
horseshoe sections are of Class A concrete throughout, while all the 
other horseshoe sections are of Class B concrete throughout. 
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TabIiB 127. —CoNORETB Sewbr Abohbb, Rock below Point oe Invest, 

St. Louis 
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11 

22 

22 

2 814 

0 

348 

241 60 

A 

24H 

Ellipt 

30 

13?g 

24 

24 

3 2S6 

0 

348 

217 21 

A 

23 

Ellipt 


13 


22 

2 786 

0 

328 

216 00 

C 

22 H 

Ellipt 

10 

S 


16 

1 028 

0 

310 

200 00 

A 

22H 

EUipt 

20 

0 


20 

2 374 

0 

319 

267 60 

A 

22>S 

Elhpt 

30 

10 , 


24 

2 771 

0 

310 

186 60 

A 

22 

Horsc-s 

10 

11 

18 

26 

2 070 

0 

320 

200 00 

B 

22 

Eorsc-s 

16 

13 

22 

30 

3 367 

0 

320 

238 50 

B 

20 

Horsc-s 

16 

12 

21 

28 

2 026 

0 

201 

107 00 

B 

20 

Horsc-a 

20 

14 

24 

32 

3 260 

0 

201 

201 00 

B 

18 

Horao-s 

15 

11 

10 

20 

2 437 

0 

233 

120 60 

B 

IS 

EUipt. 


12 


20 

2 036 

0 

267 

160 00 

C 

16 

Horsc-s, 

10 

0 

16 

20 

1 833 

0 

233 

120 60 

B 

16 

Hursc-s 

10 

12 

18 

23 

2 160 

0 

233 

102 60 

D 

10 

Horso-s 

20 

16 

24 

30 

2 720 

0 

233 

143 60 

D 

ie>i 

Hurso-a 

10 

13 

le 

21 

2 041 

0 

220 

141 60 

F 

ie>s 

Ilorse-B 

16 

14 

IS 

24 

2 222 

0 

226 

141,60 

F 

14 

Hnrso-B 

10 

10 

16 

22 

1 622 

0 

203 

84 60 

B 

14 

Horsc-s 

10 

12 

18 

23 

1 052 

0 

203 

112 60 

D 

14 

Horse-B 

20 

10 

23 

30 

2.478 

0 

203 

130 60 

D 

13 

Horsc-s 

10 

11 

14 

18 

1 606 

0 

180 

04 60 

F 

13 

Eorsc-s 

16 

12 

16 

20 

1 008 

0 

180 

118 00 

F 

IS 

Horso-s 

20 

13 

IS 

24 

1 801 

0 

ISO 

134 20 

F 

13 

Elhpt. 

20 

8 

16 

16 

1 167 

0 

182 

88 60 

A 

12 

Horso-s 

10 

10 

le 

20 

1 642 

0 

174 

80,60 

D 

12 

Hurso-s, 

20 

14 

21 

27 

2 600 

0 

174 

114,00 

D 

11 

HorBo-B 

10 

10 

14 

IS 

1 300 

0 

100 

71 00 

D 

11 

Eorso-a 

20 

14 

IS 

21 

1 080 

0 

160 

108 00 

D 

11 

Horsc-B, 

10 

0 

12 

18 

1 000 

0 

100 

80.00 

F 

11 

Horso-s 

16 

10 

14 

18 

1 224 

0 

100 

80 00 

F 

10 

liorso-B 

16 

9 

12 

17 

1 017 

0 

146 

77 60 

P 

10 

Horse-s. 

20 

10 

14 

10 

1 130 

0 

146 

86 00 

F 

10 

Horso-s, 

10 

10 

14 

18 

1.137 

0 

146 

04 00 

D 

10 

Horse-s 

20 

12 

IS 

23 

1.360 

0 

146 

02.60 

D 


Noth Looationa indicatod by letters in lost eolumn' 

A River Dos Perea, Tunnel Lino D South Harlem Joint 

B River Dos Peres, River Lino E Qloise Creek Joint 

C Baden publlo, first soetion F Rook Creek Joint 
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Table 128 — Concrete Sewer Arches, Rook above Point op Invert 

St Louis 





Thiokneaa of oonorete 

Materlala per lin ft of 


Hori- 


Depth 








aontal _ 

diameter 
m ft 

of fill 

over 

crown, 

ft 

Crown, 

in 

Spnng- 
ing line 
in 

Invert, 

in 

Cu yd 
oon- 

orcto 

Cu yd 
Vlt 
brlok 
invert 

Pounds 

steel 

Where 

used 








lining 



22 

Horae-a 

10 

11 

18 

IS 

2 782 

0 320 

200 00 

B 

22 

Horae-a 

16 

13 

22 

22 

3 100 

0 320 

238 50 

B 

16 

Horae-a 

10 

12 

18 

18 

1 001 

0 230 

100 60 

D 

16 

Horae-a 

20 

16 

24 

24 

2 800 

0 230 

140 50 

D 

ie>i 

Horae-a 

10 

13 

18 

le 

1 030 

0 226 

141 50 

P 


Horae-a 

16 

14 

18 

18 

2 100 

0 220 

141 50 

P 

14>i 

Horae-a 

10 

12 

16 

16 

1 727 

0 211 

120 50 

P 

14 

Horae-a 

10 

12 

18 

18 

1 003 

0 203 

SO 60 

D 

14 

Horae-a 

20 

io 

23 

23 

2 076 

0 203 

137 00 

D 

13 

Horae-a 

10 

11 

14 

14 

1 436 

0 180 

04 60 

F 

13 

Horae-a 

16 

12 

16 

16 

1 621 

0 ISO 

118 00 

P 

13 

Horae-a 

20 

13 

18 

18 

1 777 

0 180 

134 00 

P 

12 

Horae-a 

10 

10 

16 

16 

1 280 

0 174 

SO 00 

D 

11 

Horae-a 

16 

10 

14 

14 

1 104 

0 leo 

80 50 

P 

11 

Horae-a 

10 

0 

12 

12 

1 030 

0 100 

80 50 

P 

10 

Horae-a 

16 

0 

12 

12 

0 046 

0 146 

77 60 

P 

10 

Horae-a 

20 

10 

14 

14 

1 067 

0 146 

80 00 

P 

Noth 

Locations indicated by iettera in last oolumn 





A River Des Perea, Tunnel Line 

D 

South Harlem 

Joint 



B River Des Perea, River Lme 

E 

Glaiae Crook Joint 



C Baden Pubhc, first aeotion 


F 

Rook Creek Joint 




Typical Sewer Sections .—K number of sewer sections are reproduced 
in Figs 120 to 140 inclusive which are typical of different classes of 
structures designed to meet special conditions. All information is 
from ofl&cial sources unless otherwise stated. 


Pxgure 120o—MasBaohusetts Metropolitan Sewerage Com'n, Noponset VnJloy Sower, 
1807, William M Brown, Jr, Cluaf Engineer, Gothic sootlon, 4 ft 3 in by 4 ft. 4Ji In. 
Depth of cover approximately 18 ft Material excavated was sand, gravel, and olay. 

Pxfrire 1206 —Masaaohuaetta Metropohtan Sewerage Com’n, Noponaet Valley Sower, 1807, 
Wilham M Btoto, Jr , Chief Engineer, Gothic aeotion, 4 ft by 4 ft. 1J.(J In. Loft hoM of 
figure, conatruotion for rock tunnel, right half, oonatruotion for tunnel in hard gravelly aoU. 

Pxgure 120c —Philadelphia, Pa, 1006, George S Webater, Chief Engineer, standard 
mreular aewer, 4 ft 0 in The right half ehowa minimum aeotion, loft half, oonatruotion in 
reduced" cradle. Steel reinforcmg over piles Piles, 12-m yellow pine 3 ft opart both 
wayB 

Pxgwe 120d Phfladelphia, Pa , standard aewer aeotion, 1006, George S Webster, Chief 
Endear, oiroular aewer, 4 ft 0 in Bight half of section, oonatruotion in "maximum 
cradle," on piles 3 ft. 6 m o to o tranaveraely, and 3 ft o. to o longitudinally Stool 
reinforcmg over piles Loft half of section, oonatruotion on platform and piloa Platform 
planking on 8- by 8-m yellow pine atringera 3 ft apart longitudinally 
Piles 12-in yellow pme, 3 ft apart longitudinally and 3 ft 0 m o to o tranaveraely 
Pxgx^e 120e—Truro, Nova Sootia, 1002, Lea & Coffin, Engmeera, 27-m oiroular aewer, 
monoUthio ooncrete to apnnging lino of bnck arch Conoreto used because of ohoapnoaa 
under given oonditiona as oompared with brickwork Eng Record, 1002, 46 , 136 
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Ftgture 120/—Fhiladdphla, Pa, Magee St sewer, 1000, Geo S Webster, Chief Engineer, 
droular, 0 ft 0 In Left half of section, oonstruotion in earth out on piles with earth oovor. 
Platform yellow pine, O-in planks on 8- by 8-in caps with 12-in piles sot 3 ft o to o in eaeh 
direction Eight half of the section, oonstruotion m rook out 

Figure 121a —Borough of Brooklyn, New York City, Gold St E,ellef Sewer, 1907, E J. 
Fort, Chief Engineer, olroular section, 13 ft 0 In The figure shows two methods of oon- 
stniotion In a third method, the section was built entirely of concrete with 10 in thloknuss 
at the orown and 20 in at the springing line A fourth type had a segmental oonoroto arch 
and oonorete foundation of the samegeneraldimenBionsaBthelofthalf of the sootlon shown. 
Platform on earth, 2-in plank laid on 4-m siUs, platform on piles, oonstnieted of O-lii. 
plank floor laid on 10- by 12-in capping on 12-in spruce or pme piles, spaced 3 ft 0 in c to o. 

Figure 1216—Borough of Queens, New York City Trunk Sewer in Myrtle and St 
Nicholas Aves, 1007, J H Johnson, Chief Engmeor, olroular section, 16 ft Depth of 
oover about 16 ft , excavation In dry sandy soil Reinforoed with Johnson oorrugatod burs 
"new style" Seotions under 16 ft. of the same general form, 11-ft 3-ln section 12 in 
thick at crown and 27 in at springing hne Arches in all Beobons less than f t in diameter 

are 0 in thick at the crown and 0 to 0 m at Bpringmg hne Axoh rings for sewers from 
to 6^ ft in diameter ore 0 to S m thick at crown and 12 to 16 in at the springing line The 
0}^- and 10-ft sectionB were similar to those just desonbod The thickness at orown and 
springing Hne of 0><j and 10-ft sections was 12 and 24 in , respectively, for both sizes At 
one point, cover over OH-it sewer 22 ft deep, sizes from 6}^ ft down had 8 to 10 ft. of 
oover Fractioally no water encountered Eng Record, 1007, 101, 600 

Figure 121e —Des Moines, Iowa, Ingersoll Bun Sewer, 1006, John W Budd, City Engi¬ 
neer, 7-ft circular sewer Eng Record, 1OO0, 68 , 637 

Figure 121d—Toronto, Can, High-level mteroepting sewer, 1010, Charles H. Bust, 
City Engineer Circular reinforced concrete sewer on oonorete piers orosslng filled ground 
lining below Bprmging hne, vitrified bnok. In trench, section was plain ooncreto with 
vitnfied brick Invert hnmg Thiokness at crown was 12 in , at springing hno, 17M in , at 
invert, 12 In , mvert below brick lining, 7H la.; maximum width of plain concrete 
section 11 ft 8 in ; concrete mvert has horizontal base 3 ft 0 in wide and its sides slope 
upward 2 ft, 6 m vertioally m a horizontal distance of 4 ft 1 m Eng Record, 1011, 
68, 301 

Figure 121a —Wilmington, Del Prioe'e Run Sewer, 1003, T Chalkley Hatton, Consult¬ 
ing Engmeer, olroular aeotlon, 0 ft Left half for shallow out where sewer was largely above 
ground, used with and without platform Right half, oonstruotion entirely below ground 
With a thickness of only 6 in at the orown, the sections withstood without fraoturo all load 
they will be subjected to at any time Reinforcement, woven wire fabric of No 8 wire with 
No 0 wire selvage and 6- by 4-in mesh A 6H-ft sewer of same type with same thioknessos 
was constructed, but a G-ft 3-m section had a crown thickness of 8 in , 12 m at the springing 
hne, and S m of concrete at mvert in section like nght half of figure Sevoral hundred foot 
of this G-ft 3-in. section were buflt on pme piles 30 to 38 ft long, four piles to eaoh bent, 
spaced 3 ft 10)4 m centers, and bents 4 ft between centers Each bent had a 10- by 12-in 
yeUow-pme cap oaixymg floor of 3- by 12-tn hemlock Reinforcement, expanded stoel, 0-in. 
mesh. No 6 gage, approximately 2 in from the inner surface Eng Record, 1004; 40, 030. 

Figure 121/—^Lancaster, Pa , 1003, Samuel M Gray, Engmeor, 6-ft. 10-in ciroulor sewer 
reinforced with 3-in No 10 expanded metal and Inside below springing line hnod with hard 
burned or vitnfied brick. Alternative design had concrete foundation and briok arch; 
greater roughness estimated to require 2 in. more diameter, giving 38 48 sq ft. as against 
30 07 sq ft for concrete sewer, had three rings brickwork on concrete base 0 ft. wide, 0 in 
thick below briok Umng of mvert and extendmg vertically on sides to springing line Alter¬ 
nate section required 10 24 cu ft brink and 10 48 cu ft concrete per hnoar foot, quantities 
for oonorete sewer lUuBtrated were 13 70 cu ft oonorete and 4 08 ou ft brickwork. Sower 
oonstruoted as lUustrated on account of the greater comparative economy 

Figure 122a —Massachusetts Metropohtan Sewerage Com'n, North Metropolitan System, 
1893, Howard A Carson, Chief Engmeor Gothic section, 8 ft 10 in by 9 ft 4)4 in., built In 
pneumatio tunnel m soft clay underlaid by very wot sand As an indication of the extent of 
groundwater, at one point it was impossible even with five compressors running to exoavato 
nearer than 1)4 ft to grade of bottom of masonry untd following method was used Work 
started as low as possible, and oonorete llnmg used for sides, roof, and headmg Then 2-ln 
tongued and grooved planks, set radially, prevented wet sand flowing in at the bottom 
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Jpper part of oroli Beoured by H-in by 1-ft by 3-ft curved steel plates, bolted to each other 
,nd supported by by 8-m temporary posts With conorete lining In plnoo, it was possible 
e hold air pressure and allow remainder of excavation to be made and brick invert and 
inings set Sides and bottom of section held in place by 2-ln plank lagging Pound later 
Jiat with arch built first, same results were obtainable without use of oonorcto, brick arch 
milt On wall plates, these and arch supported by braces from axial beam, invert then built 
ip to wall plates, and the epace left by removal of wall plates filled with brick Bnck 
irobes always 12 in thick. Eng News, 1804, 81, 121 
Figure 1226 —Cleveland, Ohio, Walworth Sewer, 1808, 10 ft 3 in circular soction, very 
tieavy on account of yielding plastic blue clay, unable to carry more than 2 tons per equoro 
[oot Thickness of arch increased gradually from crown to spnnging hne and arch bncks 
irranged in alternate headers and stretchers in Flemish bond To avoid cxcosslvoly thick 
mortar joipts, masonry was broken up as ehown Entire arch out into segmonts separated 



Fig 122 —Typical gothic and circular sections. 


by cyhndnoal surfaces and radial planes Inner and outer faces of brick parallel with inner 
surface of completed sewer Number of ooureos to build any partioulnr cylindrical segment 
one more than the number in next inner segment and one less than number m next outer 
segment, mortar joints of ordinary thickness were thus obtained in aU portions of arch. 
Surfaces separating inner and outer rings of segments, as well os oxtrados of arch, plastered 
with portland-cement mortar Radial thickness of each part of suponmposed masonry 
segments adjusted to break jomts in adjoimng segments by at least 4 in 
Sewer built on 3-in oak plank, laid across sewer hne on 3- by 12-in. oak sleepers, not more 
than 4 ft c to c bedded in clay Entire lower portion natural cement oonoroto Top of 
conorste brought to plane inchmng downward and inward four horizontal to one vortical 
Muumum thickness of concrete under two nngs of hmng bnek of the invert, 1 6 ft. for sowers 
from 8 ft to 14 ft 9 in inclusivo, and 2 ft for larger sizes. Side walls brack laid in English 
bond m natural cement mortar, earned upward from concrete with coursos pitching inward 
paroUel to the upper surface of the concrete Two conoontno rings of bnokwork in invert 
lining instead of one, in order to obtain a smoother inner surface 

Crown thickness fixed arbitrarily aooordmg to oondltions in each cose and thloknoss at 

springing hne determined by formula ® Thickness at any other point of 

^ + 2 fi72 
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I 129. —Principal Dimensions of Walworth Sewer, Cleveland, 

Ohio 


Thlokuoas of masonry in foot Thlokness of masonry m feet 



On 

hoiiz 

hne 

through 
oontor of 

sower 

Center 

Width 
of oon- 

Di¬ 

ameter, 



On 

hoiii 

hne 

through 
center of 

sowar 

Center 

Width 
of oon- 

Crown 

of in¬ 
vert 

cioto 
foun¬ 
dation ' 

ft in 

Crown 

of in¬ 
vert 

oreto 

foun¬ 

dation 

1 1 

2 64 

2 26 

10 20 

12-3 

1 

6 

3 664 

2 

25 

23 54 

1 1 

2 07 

2 26 

17 08 

13-6 

1 

8 

3 82 

2 

26 

26 04 

1 6 

2 S2 

2 26 

18 84 

14-0 

1 

8 

4 07 

2 

25 

27 70 

1 5 

2 08 

2.26 

10 26 

16-0 

1 

8 

4 11 

2 

76 

2S 30 

1.6 

3 10 

2 26 

20 14 

16-0 

1 

8 

4 20 

2 

76 

20 68 

1 6 

3 38 

2 26 

22 20 

10-0 

1 

S 

4 30 

2 

76 

30 78 


torminod by drawing ore of airolo through those two points, this ore having its center 
below the oontor of tho sower Below spnnging line, wall had batter of one hon- 
o four vortioiil 

BQotions of vanouB diameters wore oonstruoted along general plan of section shown; 

1 dimensions of several ore given in Table 120 Tho mvert in each ease was Imed 
□ rings of bnok, a total of about 0 in in thioknoss 

I seutiuns ore notowortliy for heavy masonry to retain hne of reslstanoe within middle 
soetion at all points and to spread thrust on soil to reduce soil pressure to not more 
jOns per squiu-e foot Sootions also noteworthy on account of oonstruetion of aroh 
unusual bonding of the bnekwork adoptod as produehvo of a much more stable 
e than would result from use of ordinary bond Trana Am 3oc C ^,1005,55,401 
B 123(1—Worcester, Moss, Sewer Dept, 38- by 60-m brink, egg-shaped sewer, 
of oonstruetion used oxtonsively in many old systems throughout tho oountry In 
ours, however, tlus type has been replaced largely by seotions shown in Figs 123c, d. 
Many of these old sowers show but few signs of distortion duo to earth pressures 
his typo was built on stoop grades in oomblnod systoms, the invert brioks have been 
I a oonsiderablo oxtont and, in some oases, worn through, eausing baokhlling and 
ing oarth outside briokwork to bo wnshod away and resulting In oaving in of sower, 
lublo ovoroome by making invort masonry heavier and lining invert with hord- 
ur vitrlflod bnok, oaloulatod to roslst wear better 

0 1231( —Worooster, Mass, Sewer Dept, 48- by 72-in bnck, egg-shapod sewer, 
ng on aoeoimt of spooiul sliapo usod in several instonoos in that elty 
0 123c,—Borough of Brooklyn, Now York City, 1001, H R. Assorson, Chief Engi- 
4-in bnok, egg-shaped sower, with two typos of oonstruetion This sower was 
jod by tho siso of tho equivalent olroular sower instead of by dimensions of the egg- 
jootion 

0 123d.—^Borough of Brooklyn, Now York City, Bureau of Sewers, 1913, E J Fort, 
inginuor. Standard 36-in egg-shaped sower of much interest when oompored with 
0 . 

0 123o —Philadelphia, Fa, 1006, standard sootionB, George S Webster, Chiof 
r. Egg-shaped sowar, 2 ft. 8 in by 4 ft Left half, oonstruetion in firm matenal 
ilmmum sootlon eon bo used; idgh’t half, oonstruetion colled "reduced” cradle 
-in yellow pine 3 ft. apart longitudinally and 3 ft 4 in transversely 
0 123/—Philadelphia, Pa., standard sootions, 1900, George S Webster, Chief 
r. 2-ft. S-ln by 4-ft egg-shapod sowar Left half, oonstruetion in. "maximum” 
n pilos, piles 1^ in. in diamoter spaood 3 ft longitudinally and 2 ft 6 in tronsversoly 
alf, oonstruetion on timber platform and piles, platform 6-m yollow-pino planMng 
y 8-ln yollow-plno stringers on 12-in. yollow-pine piles 3 ft apart longitudinally 
7 in apart transversely. Where sewers ore on steep grades, inside below spnngmg 
one nng of vitrlflod shale bnok. 
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Fiq. 124 —Typical Inverted egg-ahaped and catenary sections. 







426 


AMERICAN SEWERAGE PRACTICE 


Figure 124a—Woroeater, Mass , Sewer Dept, 1899, H P Dddy, Supt. Water St 40- by 
54-iii inverted ege-shaped interoepter Average depth to crown of eewor, 17 ft Sewer 
oonstruoted in tunnel, largely rock but partly earth roof requiring bracing Section chosen 
for ite economy of space with wooden timbering and the additional inside head 
room available > 

Figure 124b —MasBaohusetts Metropohtan Sewerage Com'n, 1891, Howard A Corson, 
Chief Engineer See 1, North Metropohtan Outfall Sewer, Doer Island near pumping 
station Catenary 6- by 6J4-ft type Average depth of cover about 8 ft Sootion 
designed to act under shght head, bnek arch made extra heavy to produce excess of 
downward pressure Eng News, 1894, 81 , 121 
Figures 124c, d, e, and /—Massaohusetta Metropolitan Sewerage Com’n, North Motro- 
pohtan Sewer, Sec 26, 1892, Howard A Carson, Chief Engineer Catenary fiJi- by BK-ft 
section Conditions generally permitted building invert in excavation without special 
foundation Nearly half distance was in clay permitting an oU-bnok section, but buliinoo 
was in clay, sand, or gravel, requiring various forma shown Tlio entire length was pro¬ 
tected by a timber platform with clay or concrete baokfill between platform and sewer, 
except about 300 ft where section 124e right half was used Average depth of fill for sections 
in open out, about 17 ft Average depth above crown of sewer to surface of ground for 
tunnel section, about 24 ft Eng News, 1894, 31 , 121 
Figure 125a —Washington, D C , Tnam oondmt near pumping station, 1905, dosignod in 
ofiBce of Engineer Commissioner, District of Columbia. Oval 9- by 7-ft 2-ln sewer Short 
length of section connects mam 6- by 6-ft horseshoe sewer with trunk sower and dlsoliargcs 
into cunette in section shown m Fig 136o 

Figure 125b —Washington, D C , low area trunk sewer, 1906, designed in office of Engi¬ 
neer Commissioner, District of Columbia Oval 4- by 6-ft sower About 100 ft built 
This seotion and Fig 126a selected to fulfill special reqmremcnts 
Figure 126c —Chicago, lU , Western Ave sewer, 1910, Isham Handolph, Chief Engineer, 
Samtary District of Chicago EUiptical 12- by 14-ft sower Excavation generally in stiff 
blue clay, average cover 10 ft Romforoemont used only in section 400 ft long, under 
railroad yards, cover 4 to 6 ft No reinforcement in city streets Under Illinois and Michi¬ 
gan Canal, section changed to 12- by 9-ft ellipse for distance of 00 ft long with 6-ft fall 
in that length Eng Contr , 1910, 33 , 406, 1914, 61 , 20 

Figure 125d —Massachusetts Metropolitan Sewerage Com'n, North Metropolitan Sower, 
See 41, 1892, Howard A Carson, Chief Engineer Elhptioal sewer, 1 ft 8 in by 2 ft 6 in 
Average cover about 10 ft Excavation in sand, gravel, lodge, boulders, filling, and very 
fine sand oontaimng much water In places, the fine sand was removed to 1 ft below 
bottom of sewer and replaced with gravel In other places, piles averaging 26 ft wore 
driven, bents 2 ft on centers, with 8- by 10-m caps and 2-in flooring Lodge was replaced 
by tamped gravel for 6 m below bottom of brickwork. In sand, excavation earned to firm 
foundation and the bnckwork bedded in and surrounded by gravel In fine running sand, 
sewer laid in cradle of 1-in boards on 2- by 4-m ribs, and cradle covered with broken stone 
Cradle hned with tar paper Another seotion had cradle of two thioknossos of boards with 
tar paper between Eng News, 1894, SI, 121 
Figure 125e —Altoona, Pa , 1896 Oval sewer, 33J4 by 44 in Sootion had onn-rlng 
bnckwork and 4 to 8 in concrete, with mvert of vitrlfied-shalo paving bnok Coat claimed 
to be less than coat of two-rmg bnok sewer Proc Eng Club PhUaddphta, 1807, 01 
Figure 125/—Richmond, Va , 1912 False elhptical 8- by 10-ft. and 8- by 12-ft sections, 
chosen on account of insufficient depth for circular sewer Curves of arch and invert were 
three-centered, with row of headers at point of change of radius to tie the rings together. 
On account of shallow cover, buttresses were built every 12 ft to give arch good bearing 
against sides of ditch Double-track railroad crosses sewer with only about 4-ft. cover 
Portion constructed in 4- to 8-ft rook out, where oonerete invert lined with one ring of brink 
and arch of three nngs of bnok were used Figure 126/ shows ono-half of each of the two 
sizes Eng ± Contr , 1912, 38 , 679 

Figure 126o—Massachusetts Metropohtan Sewerage Com’n, North Metropolitan Sower, 
Sec 14, 1892, Howard A Carson, Chief Engineer Basket-handle section, 8 ft 2 in by 8 ft. 
10 m Left half of sootion, construction in firm material whofo bottom could bo shaped to 
invert, nght half, construction on timber platform on piles Platform was 4-in plank floor 
on 10- by 12-in cape, on piles spaoed 2 ft 7 in centers transversely. Eng, iVewa, 1804, 

88j 121 
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Ftaure 1266 —MoaBaohuBotts Metropolitan Sewerago Com’n, North Metropolitan Sevier, 
Contract Soo 14, 1892 Howard A Caraon, Chief Engineer Boaket-bandle aewer, 8 ft 
4 in by 9 ft in , used whore material below springing lino wob sand and gravel and that 
above was olay Sewer aroli baokfillod with gravel Enu Neins, 1894; 81, 121 

F\ffiiTe 126c —Washington, D C , Outfall Sower, 1004, designed in oOSoe of Engineer Com- 
mlBBionor of District of Columbia Basket-handle section, 0 ft 4 in by 8 ft 4 in Left 
half, oonstruetion in firm ground, right half, construction in yielding soil or in inseoure ground 
Several hundred feet on piles, masonry section same as right half of figure Pile spaomg, one 
in center, one on either side 3 ft 7}4 in from center, and one outside pile on each side 3 ft 
4 in from center of next ndjaoont pile, making five piles to bent, bents spaood 3 ft 6 in 
e to 0 Another section built on 3-ln yellow-pine floor on 10- by 12-in yollow-pme caps 
on bents eontniniiig sit piles, spaced 2 ft 8 in on centers 
Figure 120d —Pittsburgh, Pa , Try St Drainage Sower, Bureau of Surveys, Charles M 
Hepport, Division Engineer Baskot-hnndlo sootinn 7 ft 4 in by 7 ft m Left half, 
eonstruotion for firm ground, right halt, construction for soft foundation A 6-ft 8-in 
by 7-ft H-in section was also oonstruotod, 0 in thick at crown and 18 in at springing hne 
for firm-ground soetion and 30 in for soft-ground section, and invert below vitrified shale 
bnek lining, 8 in thick Maximum width of latter sower, 0 ft 8 m and 11 ft 8 in for firm- 
and soft-ground sootions, rcspoetivcly A 5-ft 8-in by 6-tt llJ-^-in section was 8 in thick 
at crown and 16 in at springing hne for firm-ground section and 28 in for soft-ground sec¬ 
tion Thiokncss of invert below vitrified shale bnek lining, 0 in ; maximum width of 
masonry, 8 ft 4 in and 10 ft 4 in , respcotively, for the firm- and soft-ground seetions 
F^(ftire 126f—Jersey City Water Supply Co , Jersey City, N J,, aqueduct, 1003, E W 
Harrisoin, Chief Engineer Boskot-hnkidle seetlon, 8 ft 6 in by 8 ft 6 in Left half of 
illustration, construction in soft earth, right half, section built on embankment Where 
cover was about 16 ft, oroh was 8 in thick at crown and aide woUs 14 in thick at springing 
lino Ena Record, 1004; 40, 72 

Figwe 126/—Newark, N J, Water Dept, inlet conduit in reservoir, 1001, Morris R 
Sherrord, Engineer Bosket-handle section, 6 by 6 ft Outlet from reservoir compnees two 
conduits similar to one shown placed side by side, wall between two 10 in thick and space 
between extrodos of seetions filled with oonorete Maximum width of double-conduit 
section, 12 ft 6 in Both single and double conduit sootions have comporativoly heavy walls 
to provide suffleiont dead weight to ovoronine buoyancy of conduits when empty and 
reservoir full Tost section of double conduit subjected to hydrostatic pressure up to 34 
lb per square inoli witliout signs of weakness Ena Record, 1003, 48, 726 

Fxgure 127o--Waohusett Aqueduct, Mass Metropolitan Water Works, 1807, E P. 
Steams, Chief Engineer Horseshoo section, 11 ft 6 in by 10 ft 6 in The figure shows 
construction in rook out, and by full and dotted lines tho typos in earth from hardpan to soft 
foundations. Cover shallow, about 4 ft for a oonsiderablo distance Ena News, 1807, 
37,114. 

F%awB 1276 —Hartford, Conn , oqueduot, 1012 O M Savillo, Chief Engineer Horse¬ 
shoe section, 4 ft. 0 in, by 6 ft Largely in earth trench with about 3-ft cover 
Fiauro 127o —Baltimore, Md , Outfall Sowor, 1007 Calvin W Hendnek, Chief Engi¬ 
neer Horsoshoo shape, 12 ft. by 10 ft 0 in Left half, oonstruetion used in tunnel or 
shootod trench, right half, type lu loose earth nr fill Ena Record, 1008, 67, 163 
Figure 127d, —Watorbiiry, Conn , main intoroopting sower, 1007, R A Cairns, City 
Engineer Horsaslioo shape, 4 ft 0 in by 4 ft. 6 in On soft bottom footing extended 8 in 
outside vortionl walls. About 1,600 ft in nvor bod oonstruotod with much heavier section 
forming retaining wall Ena Record, 1008; 67, 400 
Figure 127o —Boston, Muss , Toucan Crook Conduit, 1909, E S Dorr, Chief Engineer 
Horsoshoo shape, 14 ft by 11 ft 0 in Tho oondult was constructed on piles, 4 to a bent 
placed 6 ft o to o. 

Figure 127/.—Boston, Mass , Tenoan Creek Sower Brick horsoshoo conduit, 14 by 
12 ft This is much oi^or than Mg. 127s and affords an intorosting oompanson between the 
former methods, involving tho use of a brick arch with conoroto backing, and the modem 
type of reinforced oonoroto oonstruetion Structure buiit on timber platform of 4-in plank 
on 6- by 8-ln sUls. 

Figure 128a.—Cambridge, Moss, Marginal Conduit, 1008, Charles River Basin Com'n, 
Hiram A. Miller, Chief Enginooi, Horsoshoo seetlon, 6 by 6 ft. 
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Figure 1286—SyraouBe, N. Y , Main Intercepting Sewer, 1010, Intercepting Sower Board, 
Qlonn D Holmea, Chief Enginoer Horaeahoo eectlon, 6 ft 7 in by 7 ft 3 in , equivalent 
to 87-in circular Smaller aectlons built of same general form with thinner masonry The 
4-ft 10-in by 5-ft. 4-in section had 6-in orown and invert thickness and 10-in side-wall 
thloknesB 

Figure 128c—MassaohuaottB Metropohtan Sewerage Com'n, North Metropolitan Sewer, 
Sec 22, 1802, Howard A Corson, Chief Engineer Horseshoe or basket-handle scchon, 3 
ft by 3 ft 2 in Constructed generally m very fine runnmg sand on 3-m plonk platform on 
8- by 8-in caps, on piles 3 ft o to o , two piles to bent For short distance on clay foun¬ 
dation, sower built on cradle of 1-in boards laid on 2- by 4-ln nbs, constructed entirely 
of two rings of bnck masonry Eng Noios, 1894, 81, 121 

Figure 12Sd —^Lancaster, Fa , 1003, Samuel M Gray, Engineer Horseshoe section, 7 
ft 6 m by 8 ft 4 in The type shown in left half contains 32 6 ou ft bnokwork and 4 8 
ou ft concrete por linear foot, type shown in right half contains 24 7 ou ft bnokwork and 
18 5 cu ft oonorote Sectional area of waterway, 60 4 sq ft If constructed of concrete, 
BeohoDB could bo reduced to 7 ft 4 in by 8 ft 2 m with the same gonornl shape Concrete 
section in rock, thiokncBB was 6 in at crown, 0 m. at spnnging lino, and 6 in at invert below 
vitnfiod bnck lining Section reinforced with 3-in No 10 expanded motol Section 
contained 2 cu ft of brlokwork, and area of waterway was 49 06 sq ft 

Figure 128fl —Philadelphia, Pa , Annsbury St. Sewer, 1009, George S Wobstor, Chief 
Engineer, Bureau of Surveys Horseshoe section, 17 ft 6 in. by 17 ft 0 in Built generally 
in shallow out with 3-ft oovor over the top of the Bewor Fig 1226 showB another type of 
brick construction of interest in oomponson with that in thiB figure 
PtOUTB 128 /—MosBachusetts Metropohtan Sewerage Com'n, South Metropolitan High 
Level Sewer, 1902, \\^lhnm M Brown, Chief Engineer Horseshoe type, 10 ft 7 in by 
11 ft 7 in Concrete used generally for side walls and Invert backing, with one or two 
rings of bnck hniug, depending upon amount of groundwater Concrete occasionally used 
for aroh, but arches were mostly 12-in brickwork 

Figure 1200—^Louisville, Ky , Beargrass Intercopter, Sec A , 1008, J B F Breed, Chief 
Engineer Horseshoe section, 6 ft 6 m by 6 ft 1}^ in Loft half, oonstruotinn in open 
out with 3- to Il-ft cover, the right half, type in tunnel Exoavatlon in clay and sand, 
water enooimtcrod in open out One section built on plleB driven about 20 ft in bents of 
throe each, 4 ft on centers Portion of tunnel Bootion built on couorete plleB, in holeB bored 
with augur, making the finiBhed hole 10 in in diameter Material encountered, a fill of 
olay and mud Vertical stool reinforcement placed in each hole and hole then filled with 
oonorote Some matonnl ouoountored was so wet and mucky, that oonoroto was placed 
through iron casing withdrawn as concrete filled hole In another sootioii, 12-in wrought- 
iron pipe oosiiig was driven, and concrete placed in it without roinforoomont Most tunnel 
work was in dry, loose, running sand The entire oross-soction of the tuimol was baokfillod 
with oonorete to a point 1 ft above springing line of sewer oroh 
Figure 1296—Louis'nlle, ICy , 34th St Outlet Sewer, 1009, J B F Brood, Chief Engineer 
Horseshoe section, 7 ft by 6 ft 8 in Maximum cover, about 25 ft , average, about 10 ft, 
Exoavation largely lu sand, gravel, and clayey loam with some loose rooks Iiitorlur of 
sower below spnnging hno hnod with vitnfiod brick. Structure built for oonsidcrnblo dis- 
tonoe on Simplex concrete piles. 

Figure 120o—Loulsvillo, Ky., Northwestern Sewer, Sec Bl, Contract No 63, 1910, 
J. B F Breed, Chief Engineer Horseshoe shape, 13 ft 6 in. by 0 ft, equivalent to 11-ft 
3-m ciroular sower Excavation mainly in Bond and gravel with some yellow clay 
Figure 120d.—Louisville, Ky , Northwestern Sower, See B2, Contract No 64, 1010, 
J. B F. Breed, Chief Engineer. Horseshoe Bcokon, 9 by 0 |t Excavation in olay and sand. 
Average oover about 13 ft 

Figure 129 b —^Borough of the Bronx, New York City Horseshoe shaped, 8 ft 6 in by 6 
ft OH in , very heavy construction for soft foundation. 

Figure 129 /—Now Bedford, Mass , Outfall Sewer, 1012, 'WlUiamF. WiUloms, City Engi¬ 
neer Horseshoe section, 7 ft 8 in by 7 ft Bight half, oonstruotion for 2- to 8-ft. oover, 
left half, heavier section for more severe loading. MateriolB por Uncar foot of sewer, 27 3 
ou ft concrete, 84 lb. reinforcing bars, for oover from 2 to 6 ft, and 88 66 lb for oovor from 
6 to 8 ft., for left half Matonala per linear foot of sewer, 34 76 ou, ft oonorete, 00.6 lb 
of reinforoing steel for nght half. 
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Figure 130a —Philadelphia, Pa, Toiresdole Filtered-wator Conduit Somiolliptioal 
Bootion, 9 by 9 ft to stand 20-ft head of water Rhid, " Concrete and Relnforoed-oonorote 
Construetion," p 663 

Pigwe l30b —Syracuse, N. Y , Mom Intercepting Sewer, 1910, Glenn D Ilolinos, Chief 
Engineer Semielhptloal section, 7 ft in by 7 ft 5 in 
Figure 130c —CatskiU Aqueduct, Board of Water Supply, New York City, 1008, J Waldo 
Smith, Chief Engineer Semielhptioal type, 17 ft 6 In by 17 ft Cut shows construction 
in earth out, dotted lines on invert show extension of section when struoturo was built on 
embankment 

“The aqueduet in dry loose earth was designed to withstand the weight of the embank¬ 
ment about it, whether f ull or empty, and also to withstand the water pressure when full 
without the aid of the surrounding embankment, it was designed to withstand tlio pressure 
due to the water's rising, from some unusual condition, above the inside top of tlie arolt 
With the regular 3-ft embankment over the top of the arch, the out-ond-eover seotious are 
safe to earry a 12-ton rood roller, a condition that may oooasionally occur at road crossings. 
The section is strong enough to withstand a fill not over 14 ft deep over the top of the aroh. 
For fills greater than this, reinforcement of steel rods will be plabed in the invert to enable it 
to withstand the reaetion caused by the heavy load In coses whore a wet earth foundation 
IS encountered, the aqueduet will be oonstruoted on a timber platform arranged to allow the 
groundwater to dram away to sumps without washing away the freshly laid oonorote 
Wherever the level of the groundwater adjacent to the aqueduct is higher than 0 ft above 
the invert, the latter is to be made thicker, in order to withstand the upward hydrostatic 
pressure when the aqueduct is empty The section in compact earth was designed to offoot 
a lower cost per hnear foot of aqueduct where the character of the earth warrants, by 
making the bottom width narrower, by steepemng the slopes of the exoavntiou, and by 
laying the concrete directly against the earth sides This section can, of course, bo used 
only where the earth is compact enough to take the thrust of the oonorote arch without 
yielding The section on embankment is similar to that in loose earth, oxoopt that in order 
to lessen the danger of settlement the base is made wide enough to distribute tho loud over a 
larger area Provision is also made for a foundation embankment more carefully oon- 
strueted than the rest of the embankment and for a possible reinforcement of tho invert in 
such coses The section in rook was designed so that tho rook will uowhoro extend nearer 
than 12 in to the inside surface of the aqueduct, thus insuring stablhty and water tightness, 
Provision was made in the designs for using excavated rook in ports of tho embankment at 
the sides and top of the aqueduct ’’ Rept of Board, 1907, 

Figure 130d—Philadelphia, Pa, Mill Creek Sewer, 1912, George B, Webster, Chief 
Engineer Semielhptioal or poraboho type, 16 ft 6 in, by 17 ft 0 in. 

Figure ISOa—Boston, Mass, Charles River Basin Com'n, Marginal Conduit, 1006, 
Hiram A Miller, Chief Engineer Semielhptioal section, 6 ft, 4 in by 7 ft, Syi in Port 
constructed on gravel and clay bottom and remainder on piles 2 ft apart on ountors under 
the Bide walls and 4 ft apart under the center of the invert 
Figure 130/—^Lomsville, Ky, Southern Outfall Sewor, Sec, E, Contract No, 14, 1900, 
J B F Breed, Chief Engineer Semielhptioal seetion, 12 ft 3 in Average oovor about 
21 ft Material excavated, sand and gravel overlaid with oonsidernblo alluvial clay; 
no groundwater 

Figure l3lo —Borough of the Bronx, New York City Somiolroulor oonorote sowor, 11 ft, 
6 in by 7 ft 3 in Piles driven in bents of five vertlool and two braoo piles, ono on olthor 
Bide, bents spaced 3 ft 6 in. to 4 ft , piles in bent spaced 3 ft, 3 in, o, to o, Trane. Am, Soe. 
C E , 1913, 76, 1784 

Figure 1316 —Wihmngton, Delaware, Clement’s Run Sewer, 1903, T, Cholklcy Hatton, 
Consulting Engmeer Semioiroular sewer 10 ft by 6 ft 6 m,, reinforced with woven wiro 
mesh and No 6 expanded metaL Invert lined with one oourse of brick. Jlfunto Enn, 
1904, 27, 248 

Figure 131fl—Borough of Brooklyn, New York City, 1913, E, J Fort, Chief Engineer, 
Semicircular section, 8 ft 4 m by 6 ft 8 in , equivalent to 78-in, droulop sootion. Table 130 
gives a oompanson of the hydrauho properties of the semioiroular sootion and of a 78-in, 
mroular section, both at the maximum oapaoiiy of tho section. 

Figure 131d—Boston, Maes, Kemp St Overflow, 1012, B, S, Dorr, Chief Engineer. 
Semlciroulor section, 10 ft, m, by 6 ft, 3 in, 
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Cot 5 km Aqueduct, Philadelphia. 



Fia. 130.—Typioal Bend elliptioal sootions. 
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Table 130— Comparison op SsMiciRctrLAR and Circular Seotionb 



Area, 

Wetted 

Hydraulic 

Discharge 

Section 

square 

perimeter, 

mdius, 

iS = 0 001 


feet 

feet 

feet 

c.f s 

Semicircular 

32 94 

18 20 

1.81 

161 31 

Circular 

32 35 

17 20 

1 93 

166 25 


Figitre 13 lo—St Louis, Mo , Horloni Crook Sowor, 1008, H F FardwoU, Sewer Comnus- 
slonor. Soinicirculor suotion, 20 ft by 18 ft 71^ in , to oarry 16-ft fill over oroh and the 
hoaviost railroad loading ooinbinod with 7-ft fill Stresses in various seotions determined 
from analysis of oircular ribs with fixed ends given in Prof. Cbarlos E Greene's "Trusses 
and Arohos " Arob earned through to rouk, and loose joint loft between side wall and 
invert In earth, sootion considerably ividonod at base. Invert much thloker and reinforoed 
to distribute thrust of oreh over greater area Eng Rooord, 1007, S6, 604 

Figure 131/—Chicago, Ill, Sanitary Distnot, South fi2d Avo Sower, 1013, George M. 
Wisnor, Chief Engineer Horseshoo sootion, 16 ft by 12 ft 3 in Dividing wall is to pro- 
vldo high velocities and avoid deposits by keeping dry-weather flow on one side of the wall 
until such tiiuo as the flow is largo enough to use the whole section Stop planks at bead of 
section divert flow to either side of dividing wall Owing to soft ground, invert reinforoed 
throughout entire length Joint between dividing wall and invert strengthened by two sets 
of bars bent at right angles Height of wall above mvert, 4ft 11 in , wall shghtly oS center 
Eng dk Conir , 1014, 41, 201 

Figure 132a—St Louis, Mo, South Harlem Joint District Sewer, 1000 Horseshoe 
section, 12 ft by 0 ft 71>j in Loft half, sootion in rook out, right half, scotlon for earth 
Aroh designed for 20-ft cover In earth, materials per linear foot were oonorete, 2 62 ou 
yd , vitnfiod bnck, 0 174 ou yd , transverse roinforcomont, 00 2 lin ft Js-m bars, longi¬ 
tudinal rciufuroemont, 22 hn ft i’i-iu., bars For section in rouk, materials were oonorete, 
1 02 ou, yd , vitrified brlok, 0 174 ou, yd , transverse steel, 73 7 hn ft $^-in bars, longitudinal 
steel, 10.0 lin ft l-ii-in, bars. 

Figure 132b,—St. Louis, Mo., Dole Avo, Bower, 1010 Eoetanguloj' section, 6 ft 3 in by 
8 ft Typos wore designed to meet throe conditions In first, natural rook surface was at or 
above skowbank of flat aroh, which had to oarry whole load directly to rook The 0-m 
oonoroto walls wore merely to sniooth up sides of out In sooond ease, rook was slightly 
below skuwbaok, and IS-lii eoncroto walls used In third case, rook was more than 3 ft 
below springing linn; sun right half of figure The 18-in walls wore designed as beams to 
oarry aroh thrust at ujiper end and cortli pressure below. As sower was largely m rook, the 
narrow, high roiitangular suetioii was soluoted ns most ooonomiool Owing to depth at 
whioh sower woe built, saving in excavation duo to decreased width much more than offset 
inoroasod depth Eng News, 1012, 68, 426 

Figure 132a—St Louis, Mo,, Baden Public Sowor, First Section, 1010 Five-oentered, 
or somiiJliptioal aroh soutiou, 18 ft, by 13 ft IJly in Loft half, oonstruotion in rook out; 
right half, typo for earth out, W W Horner states that use of this type, instead of that 
shown in Ihg 132a, has been a matter of judgment in each portioulor ease The five- 
oentered aroh has boon preferred whore loading was principally umform earth load. 

Figure 132d —St Louis, Mo, Horseshoe sootion, 16 ft 0 in by 16 ft. 6 m Left half, 
oonstruotion where rook was oiioountcrod above springing line; right half, oonstruotion m 
oorth out Arch dosignod to oarry 26-ft. fill abovo orown 

Figure 133a —Harrisburg, Fn., Paxton Crook Interoopting Sowor, 1003, James H^ Fuertes, 
Consulting Euglnoor, Porabollo sootion, 6 by 6 ft , also, smollor seotion of some iype, 5 ft 
114 in by 3 ft 0 in , with same thickness of masonry. Sewer orosscs swamp and meadow 
land mainly. Probably first parabolic scotion m this country Loaded cool train was 
derailed on rdding dlreotly over sewer within 2 weeks after oomplotion without injuring it 
Baokfill very wot clay; tup of sowor about C ft below track At other points no ill effoots 
resulted from prossuru of 20 ft very wet baokfill Eng, Reoord, 1904; SO, 444 
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Figure 133b —Louisville, Ky , Happy Hollow Sower, Contraot No 1, 1907, J B F Breed, 
Chief Engineer. FaraboUo seotion, 8 ft 0 in by 7 ft 4 In , built in shallow out, in places 
more than half the sower being above natural surface of ground Excavation in loom and 
olay Seotion oonsidered espeoloUy advantageous for conditions, on aooount of eoonomy 
of space in embankment seotion and strong arch afforded Sewer may be covered by fill of 
30 ft hereafter 

ii 

ja 




Fig. 133 —Typical parabolic or delta eectiona. 

Figure 134a—Beorgross Crook Drain, Bee A, Contract No 36, 1908, J B F Breed, 
Chief Engineer Hootangulnr seotion, 6 ft by 4 ft 9 in , oonstruoted m alluvial olay requir* 
Ing foundation of oak piles driven in bents of three, spaced 3 ft 2 in o to o 
Figure 134b —Harrisburg, Fa , Susquehanna River Intercepting Sewer, 1012, James H 
Fuertos, Consulting Englnoor Reotangulor seotion, 3 ft 0 in by 3 ft 0 in. Reotongular 
sectioii ohoson on aooount of proxlmliy of sewer to surface of ground. Eng Record, 1912; 
66, 218 

Figure 134o—Ogden, Utah, 1907, A F Parker, City Engineer. Rectangular conduit, 
3 ft 0 in by 2 ft, 7^ In , with top practically at surface of ground in street and located so 
that gutter and ourb form part of conduit Under street orosemgs, side walls reduced in 
height to lOH in and the top ourvodin form of arch hke invert Eng Record, 1908, 67 , 65. 

Figure 134d,—Dos Moines Ia„ Ingorsoll Run Sower, 1905, John W Budd, City Engineer. 
Rectangular seotion, 10 by 6 ft., is solootcd on aooount of proximity of grade line of sewer to 
street surface Eng Record, 1906, 68, 637, 

Figure 134o —Borough of Brooklyn, Now York City, 1913, E J Fort, Chief Engineer. 
Rectangular seotion 10 ft by 0 ft 8 in , opproximately equivalent to 102-ln oiroular sewer 
Table 131 ooniporos the hydraullo properties of the reotangulor section, filled to withm 
12 in of the crown, with the properties of a 102-ln, oiroular sewer. 

Table 131 —Compaiubon op Hydraulio Properties op Rbotangulae 
AND Circular Sections 



Wetted 

Wetted 

Hydraulic 

Discharge in 

Section 

area, 
sq ft. 

perimeter, 

feet 

radius, 

feet 

GU ft, sec., 
S = 0.001 

10 ft. X 6 ft 8 m. 

rectangular. 

40 12 

18 55 

2 65 

294 60 

102 in. circular. 

66.43 

22.51 

2.41 

310 64 


Figure 134/—Hoboken, N J., 1913, James H. Fuortes, Consulting Engmeer Rectangu¬ 
lar section, 7 ft by 4 ft 9 in., is of partloular interest on aooount of V-shaped waterway pro- 
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Fig. 134 —Typical rectangular sootious. 
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yided for low flows Rootangulnr sootion with flat top seleotod on account of lack of head 
room between eurfaeo of ground and top of sewer Sewer in. soft foundation has timber 
platform of 4-in planks on 10- by 12-ln stringers on 3- by 8-in caps, two to each pile bent. 
Files spaced 3 ft 8 In c to o , throe piles to a bent 

FiffurB l36a —Lancaster, Pn , 1003, Samuel M Gray, Rnginoer Semicircular, 12- by 
6-ft , section wltli 24-iu half-round dry-weather flow channel or "ounette ” Two types 
designed, one with ooncroto arch roinforoed with 3-in mesh No 10 expanded metal and 
the other with an arch of four rings of brickwork 

Figure 1366—Loulsvlllo, Ky., Southern Outfall Sewer, See A, Controot No 6, 1908, 
J B F Breed, Chief Engliiocr Horseshoe sootion, 8 ft wide with 3-ft half-round ounette 
Section on incline of about 30 dog to horizontal, and ounette used to carry dry-weather 
flow on account of high velocity Invert of cunetto lined with 36-in. vitnfled-clay 
channel pipe 

Figure 136c —Wnsliington, D. C , Now Jersey Ave Trunlc Sewer, 1902, designed in oSoe 
of Engineer Commissionor of District of Columbia Scmiciroular, 18- by 10-ft section with 
9-ft. half-round cunotte 

Figure 13fld —Brussels, Belgium, Maolbeek Crook Storm-water Sower, 1806 Horseshoe 
shape, 14 ft in by 12 ft l^^-iu , with 6-ft 8-in-wido ounette Interior of sewer lined 
with M“in omiiout plaster, and extenor covered with ^i-in coating of cement mortar 
Eng News, 1800, 3S, 106 

Figure 136c —Syracuse, N. Y , Harbor Brook Intercepting Sewer, 1012, Glenn D Holmes, 
Chief Engineer. U-shaped 30-ln scotion Left half, oonstniotionm Arm material, right half, 
sootion on pile foundation Flat slab top built separately and sot in place, joints being 
flUed with mortar 

A sewer of practically same design 3 ft wide at top was constructed in Lynn, Mass , in 
1909, from plans of C H Dodd, Chief Draftsman, Boston Sower Department, who also 
designed mmilar section, 2 ft wide on top, for Boston, in 1008 

Figure 136/—Borough of Riohniond, New York City, District OA Trunk Sewer, 1907, 
Loins L Tnbus, Commissioner of Public Works U-shaped 6-ft fl-in semloiroular section 
Qenarnl surface of land below top of sower Eng Reoord, 1907, S6, 486 

Figure 1360 —Salt Lake City, Big Cottonwood Water Conduit, 1907, L C Kelsey, City 
Engineer Rectangular sootion, 3 ft Tun by 4 ft fl3>4 in Figure shows construction 
in Hll, similar scotion used in excavation, except reinforcing bars were placed nearer 
interior In tunnel, scotion resembled that shown but lacked reinforcement, Eng Contr , 
1908, SO, 78 

Figure 1366 —Philadelphia, Pa, Dovoroaux St Sewor, 1909, George S Webster, Chief 
Engineer Sootion eoiistruotod in mud through lowland on 23^- by 6-ft piers spaced 16 ft 
c to 0 . longitudinally and 11 ft 0 in apart transvcrsolv Sewor probeoted by embankment 
with 3-ft cover Between Invert and pier wore three vertical dowels 1 m square, 12 in 
0 to 0 , Roof jiltohod 2 in from coiitor to outside, plastered with l-in, oemont mortar 
Figure ISOr—Boston, Muss, Soutli End Sower Improvement, See 2, Umon Park St, 
1913, E S. Dorr, Clilef Engineer, Double-oondult rootonguliir soetions, 0 ft 6 in by 6 ft 
6 in., and 0 ft 6 in by 4 ft 2 in Double structure required by limited space for construction 
of conduits Section constructed on platform of 2-in plunk hud on 3- by 1-m sills 

Figure 13nd.—Boston, Mass., South End Sower Improvement, Sec 4 Albany St; 
1913; E S Dorr, Chief Enginuor Gravity sower, 4 ft. 10 in by 10 ft 0 in , force main 2 
ft, 0 in by 10 ft 6 in ; rootiuiguhir sections, double conduit Sootion oonstructed on 4-in 
planks on 8- by S-ln, caps on thruo-pllo bents, Sootion shows limits to which it is sometimes 
neocBMiry to go whore spano is very muoli restnoted 

Figure 130(i—Boston, Mass, Stony Brook Channel, 1908, E S Dorr, Chief Engineer. 
Double sootlnii, 8 ft 3 in, by 10 ft 6 in , eoiistruotod to replace old stone masonry channel, 
and on tliat nooount work involved speolal difflculties Section with I-beams in roof used, 
that backfllhng might bo placed more quickly titan on scotion roinforoed with bars This 
typo lEud on platform of l-ln, boards on 2- by 3-in, siUs. 

Figure 137o.—Borough of tho Bronx, Now York City, Broadway Outfall Sewor, 1002, J A 
Briggs, Chief Enginoer, C II Graham, Engineer of Sowers Twin semicircular seotlon, 
16 ft, by 0 ft. in , oonstruetod largely aboveground, twin scotion being adopted as 
requiring loss vertloul space than single largo circular sewer Depth of cover to surface of 
street, 4 ft Sower oonstruetod on ooncroto, timber, rubble, or pile foundations, depending 
upon ohoractor of soil Eng Reoord, 1906; 62, 660 
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Fiq. 137.—Typical double aoctiona. 








MASONRY SEWERS 


446 


J-iffiire 1376 —Borough of tho Bronx, New York City Reotangular twin sootlon 10 ft 
0 in by 8 ft 10 In Piles spaaed 3 ft 3 in o to o , 8 vortical piles to bent with two braoe 
piles, one on either side Trans Am Soc C B, 1013, 76, 1784 

Figure 137o —Borough of Brooklyn, New York City, 1013, E J Fort, Chief Engineer 
Twin rectangular soetion, 11 ft 2 in by 8 ft In , approximately equivalent to 13-ft 
oiroulor sewer Flowing ooniiiletcly full, rectangular sootiou estimated to disohargo 008 80 
ou. ft per sooond and 13-ft oirouhir sewer 008 01 ou ft on a slope of 0 001 Twin rectangu¬ 
lar section discharging at maximum How lino, allowing 0-iu air space at top of each ohannel, 
dlsehargcs approximately 1037 G3 ou ft per second, as against 080 06 ou ft per second— 
tho maximum of tho 13-ft circular sower There is material saving in hood room with the 
twin rectangular sootion ever the equivalent circular section. 



B rooki y n . 



Figure 138a —Borough of Brooklyn, Now York City, 04th St. Outfall aewor, 1901, H R. 
AflBOraon, Chief Englnnur, IMplo rcctnugulur suction, 7 ft 0 in by 8 ft 10 in 

Figure 1386.—Borough of the Bronx, New York City Triple sower, one 12- by 0-ft 
and two 10- by 8-fb., reotiinguLir saatiuns Sower constructed on bents with 11 vortiool and 
2 brnco piles each, bents Hjiaond 4 ft c to o Tho oonoreto around pllos deposited ou 2-m. 
plank platform 

Figure 180,—Ijoulavlllc, Ky, Northeastern Sanitary Trunk Sewer aud Beorgrass Crook 
IDraiu, Contriint No 30, Soc A, 1000, J B F Breed, Chief Engiuoor Compound structure 
inoludiug 6-ft. 71'i-lii. by 4-ft somlolrculnr sanitary sower and 0-ft by4-ft 0-ln rootangulor 
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Fig. 140.—Millbrook intercepter, Woroester. 
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Fig. 141.—Alternate seotions of Sl-inoh sewer. 
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djBui, Bfiparated by bh air space or chamber Helatlve positions of oliannols duo to low 
bearing power of soil, requiring a pile foundabon, and the resulting ecoiiuniy In using one 
set of piles for both structures Piles spaced 3 ft 2 in c to c transvcrsolyi throe piles to 
bent Fall of and sewer toward opposite ends, sewer and dnun wore separated at 

upper end by very low chamber, which gradually Increased, duo to incroosiiig dilTorciico in 
elevations of sewer and drain Material excavated almost wholly alluvuil clay lionts 
3 ft c to 0 Structure built m four operations, invert of dram lirst, after which the side 
walls and top of the drain were constructed Following the coiiiplutlon of tliu dram, the 
Bide walls of the oir chamber between the sower and the drain and tlio invert of tlio sower 
were built as a third oiieration, after the completion of which tho concroto was plueed in the 
aroh of the sower 

Figure 140 —Worcester, Mass , MiUbrook Intercepting Sower, 1807, Frederick A MoChiro, 
City Engineer Larger section is old trunk sewer constructed in 1880 of quarned stono 
with ooncrete mvert, laid through ledge and occupying so much of stroot tliat it was deemed 
impraotioable to parallel it with interceptors Aooordingly, conduit was designed to unoum- 
modate flow of sewage inside large sower The brick seotlon was eonstruoted inside oofTor- 
dam, average depth of flow in main sewer during construction, about 3 ft Soo annual 
Repl of Supermtendent of Sewers, Worcester, 1800. 

Provision for Forms.—There are cases where it may be of advantage 
to design the sewer section to accommodate the forms to be used in its 
construction Experienced sewer contractors have usually been 
willing to build concrete sewer arches with a curved exterior surface, 
thereby saving in masonry, at a lower total cost per foot than with 
plane surfaces Occasionally, however, it has been found economical 
to form the extenor surface by planes, as shown in Figs 129/ and 
141a. 

If support for the exterior arch forms is desu’ed, it can bo had by 
providing a narrow ledge at or near the springing line, ns shown in 
Fig 129a (left hah) Similar provision can be made on the inside, but 
the break in the smooth mterior surface is objectionable from a hydraulic 
standpomt. 

SELECTION OF MATERIALS OF CONSTRUCTION 

Materials for Arches.—In the older sewerage systems will bo found 
examples of large sewer arches constructed of sl() 7 ic hhirkn. An 
example is shown m Fig 140, a section of the Millbrook (ionduit m 
Worcester, Mass One reason for choosing stone blocks was tlicir 
availabdity and lower cost as compared with brickwork for large arches; 
in the days when such sewers were constructed, concrete and reinforced 
concrete were used httle, if at all Even more recently, rubble niasonry 
has been used to a considerable extent, especially in Philadelphia, on 
account of its relative economy Its use, however, has been liu'gely for 
foundations and masonry below the spnnging line ,Stone blocks have 
now practically been superseded by other matenals for sower arches. 
Mthough stone arches have fewer jomts, it is more difficult to obtain 
tight work, and consequently the leakage is apt to be larger than when 
brick are used 
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Brick masonry is still used to some extent for sewer arches, princi¬ 
pally on account of its economy m certain cases and the ease with which 
brick masonry can bo handled in tunnels and restricted places. Brick 
arches, owing to their greater number of joints, are more liable to 
deformation than concrete, and unless special means are employed in 
bonding the brick the full strength of the arch may not be developed 
Yet owing to the great iiiiniber of joints, a brick arch may sometimes 
readjust itself by deformation without developing serious cracks. 
Moreover, contraction and other cracks, if any exist, are likely to be 
small and at frequent intervals. ,^Since there is no reinforcmg metal, 
cracks do not afford opportunity for corrosion of such metal with 
resulting reduction of strength of the structure. 

In the construction of brick arches, three general types of bonding 
have been used. In the first, the arch is built of concentric nngs of 
brick with all bricks laid as stretchers, this is sometimes called “row- 
lock” bond. In the second type, the brick are laid part as stretchers 
and part as headers, ns in ordinary brick-wall construction, with radial 
joints in which the outer end of the joint is thickened by increasing the 
thickness of the mortar or by insertion of thin pieces of slate In the 
third method, the masonry is divided mto blocks or sections (Figs. 
122b, 12Sc and 130d) 

Several forms of vitnfied-chy blocks have been used for the construc¬ 
tion of sewer arches as well as the entire sewer section. These blocks 
are of two general types, those intended to be laid in a single ring and 
those designed to be laid in a double ring. The sides of the blocks have 
tongue-and-groove joints, and the ends have lap joints The blocks 
may be obtained for circular sewers in sizes from 30 to 108 in. in diameter 
and for egg-shaped sewers over a more limited range of sizes. Sewers 
of this form of construction, hke the circular and egg-shaped brick 
sewers, depend upon the passive resistance of the backfill at the haunches 
for stabihty, unless concrete masonry or other adequate backing is 
provided. The smaller number of mortar joints as compared with 
brickwork is an advantage if these joints can be made substantially 
watertight, a piocess which has been found difficult in some cases. The 
hard, smooth, interior face of the bloclcs furnishes a good weanng surface 
for the invert; and if the blocks are of correct shape and well laid, the 
carrying capacity of the sewer should be as gi’eat as that of a well-built 
brick sewer. 

Unrcinjorccd concrete arches have been used to a considerable extent 
in recent years and have an advantage over stone or brick masonry 
arches in that the structure is more homogeneous and may withstand 
tensile stresses to a slight degree, although the oi'ches should not be 
designed with this in view, and if cracks develop, they are likely to be 
larger and farther apart than m brickwork. In the design of unrem- 
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forced concrete arches, as well as those of stone and brick, the line of 
resistance should be made to fall within the middle third of the section, 
in order that no tensile stresses may be developed. If all the loads to 
act on the sewer were known exactly, it would be possible to design the 
section so that the line of resistance would he within the middle third 
at aU pomts The loads caused by the action of earth pressure and live 
loads can only be approximated, however, and under special conditions 
the stresses m the arch section may not be entirely due to direct compres¬ 
sion, but, in addition, bendmg stresses may be developed. 

Arches of reinforced concrete are not subject to the limitations just 
mentioned but can be made to withstand heavy bending moments by 
reinforcing the section with steel bars to carry tensile stresses. In 
arches in which the hne of resistance hes within the middle third, the 
stresses in the arch are mainly due to compression, and the concrete 
must of necessity carry the prmcipal part of the load, in which case the 
steel will not be stressed to the allowable limit. The presence of the 
steel reinforcement is of considerable value, however, even in such cases. 
The steel furmshes an insurance to the structure, to care for tensile 
stresses which may occur on account of unequal settlement of the 
foundations, temperature changes, and many other conditions, of which 
the designer can have no exact knowledge. The steel affords an addi¬ 
tional factor of safety against careless and defective construction On 
account of its presence, it is possible to increase slightly the allowable 
working stresses m the concrete over those which should be used for 
unremforced concrete masonry. Because of these considerations, the 
authors beheve that, for large sewer arches, reinforced concrete offers 
greater advantages than unreinforced concrete, even though an analysis 
of the section may show that the hne of resistance for the conditions 
considered will he withm the middle third of the masonry section. An 
inspection of the analyses given m Chap XIV will show how groat a 
change may occur in the theoretical location of the lino of resistance 
due to a change in the assumed conditions 

Smee cracks in reinforced concrete, which might permit moisture to 
reach the reinforemg steel, would be likely to result in corrosion, partic¬ 
ular care should be taken to provide sufficient steel properly placed to 
ensure against such cracks. 

A comparison of alternate types of sewers should be made on a basis 
as comparable as possible, particularly if competitive bids are to be taken. 
Figure 141 shows tjrpical circular sections of equal diameter designed 
with this point in mind, but even in these designs, it is doubtful if the 
sections have equal strength or equal carrymg capacity. Nearly equal 
carrying capacity can be obtamed by varjong the sewer area to corre¬ 
spond with the variation in coefficient of roughness for the several types 
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of construction and variation, if any, in the hydraulic radius of the 
section. 

The left half of each section represents the condition where the bottom 
of the trench is firm enough to permit shaping in order to save concrete; 
and the right half meets the condition requirmg a flat-bottomed trench. 
In the case of the monohthic concrete sections, under suitable conditions 
the trench could be made narrower and the concrete below the springing 
line could be placed against the side of the trench. 

Probably, the concrete used in the three other tjrpes need not be so 
rich as in the first two types. 

Disintegration of Concrete.—Heference has already been made in 
Chap. XI, in the discussion on concrete pipe, to the possibility of dism- 



Fig. 142 —Somi elliptical sower with bnok arch, stockyards intercepter, Chicago. 

tograting action on concrete of seepage from acid or alkali soils. Where 
such destructive action is likely, consideration must be given to protec¬ 
tive methods if concrete or cement mortar are to be used successfully. 

Hydrogen sulphide given off by decomposing organic matter in sewage 
may form sulphuric acid above the flow hne, which will attack some of 
the calcium compounds in the cement, forming soluble calcium sulphate. 
In forming, this compound expands and scales off the concrete and then 
gradually dissolves, leaving the aggregate uncemented Thus the sewer 
may be seriously damaged. An interesting example of this is the Westem 
Ave sewer, Chicago, which was damaged by stockyards’ sewage giving off 
hydrogen sulphide.^ For a new sewer carrying similar sewage, the 

1 Eno. News, 1016, 76, 486. 
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Sanitary District of Chicago adopted the brick-and-concrotn design 
shown m Fig. 142, in preference to concrete, and at a soiiK'wIiat I uglier 
cost, partly because of the protection from disintegration affordocl by tho 
brick arch and tile-hned invert 

Electrolysis in Concrete.—Considerable study has boon given to the 
corrosive effect of stray electric currents in concrete reinforced with 
steel. ^ 


In general, the danger of damage to reinforced concrete sewc'i-s by 
electrolysis is comparatively slight. Plain concrete is iinrnuiio from 
such troubles. The trouble, if present, appears as cracking of the 
concrete around the steel bars at the pomt where tho oli'otric ciirrcnt 
enters the sewer. To have this condition, the oloctric current niiist 
flow between electrodes in contact with the concroto. 'riic addition 
of salt to concrete (to prevent freezing during setting) and th(' presence 
of sea water or a salt marsh increases the susccjitibility of rciiibjrccd 
concrete to troubles from electrolysis. If there appoars to bo any 
possibihty of the sewer being exposed to the action of ('lectric currents, 
the use of salt (calcium or sodium clilorido) in concri'te mixtures should 
be prohibited. Waterproofing the exterior of the ooiioreh) sower will 
help as long as the membrane excludes moisture. Iiij,egral water- 
proofings appear to be of no avail Where metal water or gas pipes, 
lead cable sheaths, and similar stinicturea pass through reinforceil 
concrete sewers (to be avoided, if possible), Hpocial care should b(* taken 
to prevent metalhc contact with the steel reinforcing bars, and insulat- 
ing material also should be used to prevent contact with tho ooiiereto. 

Careful work on the part of electric-railway coinpunios in niaiiit.c- 
nance of rail^ bonds and by taking other precautionaiy irioasures will 
help greatly in the prevention of electrolysis. 

Wear on Sewer Inverts.=^In 1909-1910, a careful iiispoction by 
the authors of the condition of the brick sewers in Worcostcr, JVIass., 
developed a number of mterestmg points. Many of tJu'so old brick 
sewers, forming a part of a combined system of soworago and varying 
m size from a 24- by 36-in. to a 48- by 72-in. egg-ahapod section, wero 
constructed between 1867 and 1880. Natural or lioscndale cement was 

used m nearly every case, and the majority of tho sowers wero built 
by contract. 

The brick mvert was found to be badly worn in all soctions where tho 
vdomty flomng two-thirds fuU exceeded 8 or 0 ft. per second, ostimatod 
by Kutters formula with n = 0015. In some sections whore the 

standard,, or “ Eleotroly^ oT of Jiur. 

Actaon of Stray Eleetne Currenta from EleoWo n by tho niHiiilostriitJiiB 

and pubUahed by the Bureau of StandJda, 

* See also, "Erosion of Sewer Inverts" in Chap, III 
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estimated velocity amounted to 12 or 13 ft. per second, the first course of 
bnck in the invert was worn through m places, and the second course was 
partly worn. A majority of the streets were surfaced with gravel, and 
during storms a large amount of street detritus washed into the sewers 
in spite of the many catchbasms. The effect of the scouring action of 
this material as it is swept or rolled along by the sewage can be seen on 
the bricks, which, especially below the dry-weather flow line, were worn 
to smooth faces and rounded edges 

On grades where the wear had been excessive, it was quite generally 
true that the upstream ends of the bucks were worn away mure than 
the downstream ends. Figures 143 to 146 show bricks from sewers at 
Worcester The two in Fig 143 wore taken from a 30- by 45-m 
egg-shaped section built by contract in 1874. The masonry of this 



Fig. 143. —Bnck from arch and invert of Worcester sower. 

sewer was constructed of two rings of sand-struck brick of 20 to 30 per 
cent absorption, by volume, laid* in Rosendale-cement mortar. The 
bricks shown were taken from a section where the grade is 0.0694. The 
velocity in this section (based on Kutter’s formula, n = 0.016), at two- 
thirds full, IS 22 ft. per second The left brick was taken from the 
crown of the arch, on which there was no wear. The right brick was 
talcen from the luvoi’t, the small end being the upstream end The 
depth to which the mortar joints were washed out can be seen on the 
worn brick by the change in shade from dark to light, the hght shade 
being caused by part of the mortar joint stickmg to the brick The 
mortar itself was very sandy and comparatively soft, and httle difficulty 
was experienced in removing the brick from the invert 

Figure 144 shows two bricks taken from a 48- by 72-m egg-shaped 
section, built in 1872 by contract, of 8-in brickwork laid in Rosendale- 
oement mortar. These two bncks were token from the side of the invert 
on a section where the grade was 0.0290 and the estimated velocity 
flowing two-thirds full was 20 ft. per second. The bncks were exceed- 
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ingly hard and dense, probably having an absorption of 8 to 12 per 
cent, and were worn very smooth, almost to a polish. The small end 
m each case was the upstream end The bricks iii the center of the 
invert were worn very much more than those shown, but owing to their 
excessive wear and consequent thinness and also on account of the de])th 



Fiq. 144.—Brick from side of invert of Worooeter sewer. 

of sewage, it was impracticable to remove any of them. In this section, 
some of the first, or mner course, bricks, were worn through, and the 
second or outside course was begmnmg to show wear. 

Figure 145 shows another brick taken from the same sewer and 
section as those shown m Fig 143. This brick was laid in the invert 



Fig 145 —Brick from invert of Woroostor sowor. 

m the position shown in the photograph. The right end was the 
upstream end There was a bad hole m the invert at this point, and 
the mortar was so completely washed out that the brick was removed 
with the fingers vnthout the aid of a chisel All that is loft of one of the 
4- by 8-m faces is the little dark spot shown m the foreground at the 
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‘t-hand end The brick was somewhat below the average in quality 
d rather porous 

Figure 146 shows a brick taken from the ledge, or step, above the 
vert m a manhole constructed in 1S6S by contract. The brickwork 
IS laid m Kosendale cement mortar. In this manhole there were five 
let pipes which discharged surface water from several catchbasins and 
lets, they were so located that in time of storm the flow from all five 
IS concentrated in a 4- or 5-ft di-op to the brick ledge of the manhole, 
le force of the falling water and detritus wore a bowl-shaped depres- 
m in the ledge and side of the manhole The left end of this bnck 
ows its original thickness, being protected by the brick in the course 
lOve. This brick shows more clearly than can be described the effect 
the wearing action during a period of about 35 years. The next 



Fig, 146.—Brick forming manhole ledge. 

'0 bricks adjacent to the one shown were worn even more and broke 
pieces in removal, owing to their extreme thinness While this 
ick was not token from a sewer invert, it shows very clearly the effect 
even a small drop in the flow line and the resulting wear on the bnek- 
irk, such ns might be expected from similar conditions in the mvert. 
The mortar joints were eroded to a much greater extent than the 
ick, which doubtless served to increase the wear on the brick, owing to 
e eddy currents caused by the additional roughness. This was not 
tu'ely duo to the use of Rosendale cement, for the joints in the arch 
ove the springing line were found to be m very good condition. 
Dubtless, some of the wear on the mvert buck has been due to chip- 
ng action rather than abrasion. 

In all cases where lateral sewers on steep grades entered well above 
e invert, there were signs of considerable wear on the side of the mam 
? 7 er where the stream from the lateral struck during times of storm 
w. In drop manholes and other places where a fall of 4 or 5 ft. or 
ore occurred, the brickwork under the drop was badly worn 
On curves constructed on grades produemg velocities of 8 ft. per 
3ond or more, the brickwork on the mside of the curve was cut away, in 
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several cases even through the second course of brick. A cross-section 
(Fig. 147a) of the interior surface of an egg-shaped section, 4S by 72 in., 
constructed by contract in 1872 of two rings of brick with Rosendale 
cement mortar on a grade of 4 32 ft. per 100 ft, shows this abrasion of 
the invert on a curve. Figure 1476 is a cross-section of the same sower 
on a straight section. In each of the deep holes shown, the first course 
of brick had been worn away, and part of the second The dotted lines 
show the approximate original surface of the brickwork. These cross- 
sections were made by a specially constructed pantograph. Soft bricks 
were worn much more than hard bncks, but where one soft brick was 
surrounded by hard bricks, even these were worn more than a similar 
section where the bncks were all hard. 

On flatter sections of 100 to 200 ft in length on either side of which 
were steep sections, there was some wear, due, no doubt, to the fact that 
the velocity in the flat section, although not greater than 6 or 6 ft. per 
second theoretically, actually was much higher on account of the influ¬ 
ence of the steeper sections above and below. 

It is interestmg to compare the experience gained at Worcester with 
information obtained at LouisviUe, from an inspection of old brick sew¬ 
ers Where the velocity was high, there was but little wear of the brick, 
while, at Worcester, sewers having apparently the same velocity showed 
senous wear The explanation is that, at Worcester, the street detritus 
contained a large quantity of quartz sand coming from streets which for 
many years were surfaced with gravel. There were also large (lc])osita 
of sand and gravel in the city, and the soil as a whole contained a large 
amount of quartz. In spite of the large number of catclibasins in use, 
considerable quantities of sand and gravel entered the sowers, and as the 
detntus was carried along by the flow of sewage, tho invert bricks were 
worn by the harder material. At Louisville, the soil is composed of clay 
and disintegrated limestone, and the streets were surfaced with crushed 
limestone, which, for the most part, is softer than the sewer brick. Even 
in sewers constructed of relatively soft brick, say those testing between 
24 and 30 per cent absorption, there appeared to be but little wear from 
the velocities which at Worcester had caused serious wear. Although 
doubtless the detntus washed along the inverts at Louisville caused 
some wear, the attrition was much more effective upon the detritus itself 
than upon the sewer brick. 

Figure 148 shows patterns of two plaster caste talcen from the invert 
of one of the Northern Outfall sewers, middle level, 9- by 9-ft. section, 
leading to the Barkmg works, London, England. Tho uiipor pattern 
shows the eastern portion of the cast, and the lower pattern shows the 
western portion The dotted hnes show the approximate original out- 
hnes of the brickwork, and the approximate depth of wear can bo judged 
by comparison with the thickness of the brick. The mortar joints are 




Fig 148.—Patterns of plaster casts of inverts, London Northern outfall sewers 
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indicated by heavy black lines. The most interesting feature of these 
patterns is that they clearly show that the cement mortar in the joints 
was harder than the bricks themselves and resisted the wear longer than 
the bricks did. This is exactly opposite to the experience in Worcester. 
This IS the only instance which has come to the attention of the authors 
in which the mortar joints withstood the wear better than the bricks. 
Although the old sewers in Worcester were laid with Rosendale cement 
mortar, many of them have since been repaired with brick laid in port- 
land-cement mortar, and m many cases even these new inverts have 
shown considerable wear. It is possible that, if these old sewers had 
been constructed in the first place with portland cement mortal’, some 
such wear as that shown m Fig 148 might have resulted.^ 

The full-size pattern from which Fig. 148 was made was furnishod by 
John E. Worth, District Engmeer of the London County Council. The 
casts were made Apr. 14, 1897. Mr. Worth states that the reported 
relative condition of the bnck and mortar was so unusual that plaster 
casts of the mvert were made in order to verify and presei’vo the record. 

Lining for Concrete Sewers.—From the observations made and tests 
conducted by the authors, it appears that on all slopes in wliicli the 
estimated velocity of the sewage will be 8 ft. per second or gi’eater, the 
mvert may well be paved with hard-burned or preferably vitrified paving 
brick with square edges, laid with the edges projecting as little as possible 
and with full portland cement mortar jomts. This invert paving should 
extend well up on the sides of the sewer, on straight sewers covering, in 
general, the arc of an angle of 90 deg at the center of a circular sower. 
The use of pavmg brick, as above suggested, is preferable to concrete, 
on account of the greater ease of making repairs and, fui’thor, on account 
of the probability that vitrified or even hard-burned brick will withstand 
the wear better than concrete of average quality. It is desirnblo when 
sewers are to be built of concrete to use hard aggregates, especially for 
mverts, and a first-class granohthic finish where the surface is subject to 
greatest wear is better than the ordinary concrete finish. 

The use of vitnfied-clay finer plates in concrete sewers has been iuti'o- 
duced where excessive erosion is anticipated or the concrete is likely to 
detenorate from the effect of acid or aJkafi in the sewage. They have 
been used not only in monolithic concrete sewers but also in reinforced 
concrete pipe of large size These tile finers are 9- by 18-in. plates with 
%-m. thickness and longitudinal dovetail nbs on the back to provide 
adequate bond with the concrete They are made flat or with the face 
curved to a radius of from 16M to 46 m. so as to be better suited to use 
m circular sewers. The curved plates are made in widths such that 


and Drainage. Newark. N J ' ' ' ’ ® 
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spLt plates are not required to construct the periphery of a sewer of 
given diameter. As such plates are difficult to cut to exact dimensions, 
it IS advisable to procure sufficient plates of appropriate length to permit 
of carrying the lining around curves and of making closures without 
cuttmg. 

There are two methods of laying the liner plates. They may be wired 
or otherwise attached to a skeleton form work, thus making the sheathing 
against which the concrete is run. This is the usual method employed 
for precast pipe, vertical walls, roofs, and arches. For floors and inverts, 
they are sometimes laid in cement mortar on the green concrete immedi¬ 
ately after the removal of the forms. Satisfactory bond has been 
obtained by both methods. Irregularities in the tile make it impossible 
to obtain joints which are absolutely tight, so all Joints should be pointed 
with cement mortar or other material. 

To get the full advantage of tile hner plates, the joint should be as 
resistant to erosion and corrosion as the plates themselves. After three 
years of experimenting, the Los Angeles County Sanitation Districts 
(A. K. Warren, Chief Engineer) decided to use for jointing a compound 
of sulphur, sand, and ground silica m the proportions of 10 parts sulphur, 
7 parts clean sand passing a SO-mesh sieve, and 3 parts finely ground 
silica, by weight. This mixture, which becomes fluid at 250“ F. and 
crystallizes rapidly at a somewhat lower temperature, is run into the 
joints between the plates which have been attached to the forms, using 
special apparatus for keeping the compound hot, and applsnng it to the 
joint from tlie outside.^ 

I As doBoribed in Eng, Ntnos-Rccord, 1027, 99, 340, 



CHAPTER XIII 


LOADS ON SEWERS 

Notation.—The following is a list of notations used in this chapter. 

B = breadth of ditch a httle below top of pipe or sewer, or 
= outside width of pipe or sewer 
b = width of face of tamper 

c = coefficient, in which allowance is made for ratio of depth to 
width of trench, for friction of backfill against sides of 
trench, and for character of backfilling material 
F = height of fall of rammer for tamping backfill 
/ = compression of backfill under one blow of rammer at end of 
tamping 

H = height of backfill above top of pipe 
P = projection of culvert or pipe above ground surface, or 
= total earth pressure by Rankine's formula 
p = projection ratio = P/B 

S = angle between direction of pressure and normal to snrfacsc 
acted upon 

T = total concentrated load applied at a point on surface of embank¬ 
ment 

V = average intensity of vertical pressure per square foot on top 
of pipe 

Vj, = intensity of vertical pressure per square foot on top of pipe 
due to concentrated load applied to surface of embankment 

V, = intensity of pressure at surface of backfill (as under a rammer) 
W = weight of backfill on pipe, per hnear foot 

Wj, = pressure on pipe per hnear foot due to W, 

W, = load apphed per linear foot at surface of embankment, by 

surcharge or “superload” 
w = weight per cubic foot of backfill 
4> = angle of repose of material used as backfill 

EXTERNAL PRESSURE ON PIPES 

The eictemal pressure or load carried by sewer pipes consists of that 
part of the weight of the earth above them which is transmitted to Bud 
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ried by the pipes, together with so muoh of the weight of objects 
)n the surface (such as trucks or piles of building material) as is 
ilarly transmitted 

'’wo classes of conditions are to be considered: (1) where a trench has 
n dug for the pipe and the pressure results largely or wholly from the 
ght of the backfilling material wluch is confined between the com- 
atively firm walls of the trench and (2), where the pipe is laid on the 
Face of the ground, or in a trench of slight depth, and an embankme'nt 
hen constructed over the pipe, in which case a much larger quantity 
natenal contributes to the pressure on the pipe. 

'rilhling’s Study.—One of the earliest attempts to estimate the 
ssure produced in a trench by backfilling was made by August 
ihling ^ He assumed that the vertical pressure due to backfillmg 
'eased at a diminishing rate as the depth increased, until, at a depth 
5 m., no further increase occurred Further, he assumed that the 
il pressure at any depth vaned according to a parabohc law. From 
se assumptions, he deduced the following formula. 

ire all units are metric and D is the depth below which there is no 
rease in V, taken as 5 m. If this expression is transformed to 
Tlish measures and w is talceii at 100 lb. per cubic foot, the formula 
omes 

V = IQOH - 6.10H* + 0.124 m 

tarbour’s Experiments.—Experiments by F A Barbour® were made 
placing a modified hydraulic ram in the bottom of a 13-ft trench 
supporting a platform on the plunger. Sheeting was placed across 
trench at each end of the platform, so as to confine the backfill 
ied on the latter. This senes of experiments was not utilized in 
elopmg a formula, but the results were expressed in a number of 
ves. These give smaller pressures than those computed by the 
hlin ^r formula for depths less than about 16 ft., and greater pressures 
greater depths. 

nvestigations by Marston and Anderson.—Marston and Anderson 
in their analytical treatment of pressures in trenches® practically 
same method that was developed by Janssen for the pressures in 

' Dio Entw&flBarune StOdte " 

^our, Aaaoe Eng. 800 , 1807; IB, 103. 

The rosults of an olabornto investisatlon of iho subjeot, lastina aoverol years, wore mode 
10 In 1013 ui Bitil, 31 of tbo Enslnoorlng Exporimont Station of tho Iowa State Collogo 
grioulture This was wrltton by Prof Anson Marston, director of tho station, and 
'■ Anderson, and contains the Arst woll-doveloped oomprehensivQ theory of the subjeot 
h was also eheoked by numerous exporunonts, 
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gram bms.^ This gives for the weight on the pipe W = cwB^, in wliich 
B IS the width of the trench a little below the top of the pipe. The 
values of c are given in Table 132, and by the curves marked “Ditch 
Condition” (Fig 153, p. 479). 

Tablb 132 — Approximate Safe Working Values op c in the Marston 
AND Anderson Trench-pressure Formula W = cwB^ 

Values of c for— 


naiio 01 aeptn 
to width^ 

Damp top 
soil and dry 
and wet sand 

Saturated 
top soil 

Damp 
yellow clay 

Saturated 
yellow clay 

0 

5 

0 46 

0 47 

0 47 

0 48 

1 

0 

0 85 

0 86 

0 88 

0.90 

1 

5 

1 18 

1 21 

1 25 

1 27 

2 

0 

1 47 

1 51 

1 56 

1 62 

2 

5 

1 70 

1 77 

1 83 

1 91 

3 

0 

1 90 

1 99 

2 08 

2 19 

3 

5 

2 08 

2 18 

2 28 

2 43 

4 

0 

2 22 

2 35 

2 47 

2 65 

4 

5 

2 34 

2 49 

2 63 

2.85 

5 

0 

2 45 

2 61 

2 78 

3 02 

6 

5 

2 54 

2 72 

2 90 

3 18 

6 

0 

2 61 

2 81 

3 01 

3 32 

6 

5 

2 68 

2 89 

3 11 

3.44 

7 

0 

2 73 

2 95 

3.19 

3.65 

7 

5 

2 78 

3 01 

3 27 

3 65 

8 

0 

2 82 

3 06 

3.33 

3 74 

8 

5 

2 85 

3 10 

3.39 

3.82 

Q 

0 

2 88 

3 14 

3 44 

8 89 

9 

6 

2 90 

3 18 

3 48 

3 06 

10 

0 

2 92 

3 20 

3 52 

4 01 

11 

0 

2 95 

3 25 

3 58 

4 11 

12 

0 

2 97 

3 28 

3 63 

4.19 

13 

0 

2 99 

3.31 

3.67 

4 25 

14 

0 

3 00 

3 33 

3 70 

4 30 

15 0 3 01 

1 The depth of trench is to the top of 

3 34 

the pipe 

3.72 

4.34 


The approxunate averages of a large number of measurements of 
weights and frictional properties of different classes of backfilling are 
given in Table 133. Within the range of ordmary ditch-filling materials, 
it takes a large difference m the values of the friction coefiScients to moke 
a material difference in the weight earned by the pipe. Marston and 

1 KiTOHUif, " Retaining Walls, Bins and Gram Elevators." 
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Anderson point out that the real difficulty in selecting the proper values 
from the table lies m deciding upon safe and reasonable allowances for 
the probable saturation of the materials under actual ditch conditions. 

Table 133.—Prophktibs op Ditoh-pilling Materials 
Marston and Anderson 


Weight of 
Material filling, lb 

per ou. ft 


Partly compacted 
damp top soil . 90 

Saturated top soil 110 

Partly compacted 
damp yellow clay 100 

Saturated yellow clay. 130 

Dry sand . . . 100 

Wot sand. 120 


Ratio of 
lateral to 
vertical 
earth 
pressures 

Coefficient 
of fnction 
agamst sides 
of trench 

Coefficient 
of internal 
fnction 

0 33 

0 50 

0 53 

0 37 

0 40 

0 47 

0 33 

0 40 

0 62 

0 37 

0 30 

0 47 

0 33 

0 60 

0 55 

0 33 

0 50 

0 57 


The approximate maximum loads on pipes in trenches of different 
widths and depths are given m Table 134. The investigations of Mars¬ 
ton and Anderson have convinced them that a 12-in. pipe wiU have to 
carry the same load as an 18-m. pipe, if each is placed m the bottom of a 
24-in. trench, other things being similar. When, for construction rea¬ 
sons, a wide trench is necessary, they have shown that, in firm soil, the 
load on the pipe can be greatly diminished by stopping the wide trench 
a few inches above the top of the pipe and then excavating the narrowest 
trench in which it is practicable to lay the pipe, making special enlarge¬ 
ments for the bells, if necessary. 

Their experiments to test the accuracy of the theory upon which this 
and their other tables were based were made by weighing the load on 
different lengths of pipes hung at different depths m trenches, from a 
system of levers ultimately ending on the platforms of scales Particu¬ 
lar care was taken to avoid all test conditions likely to cause uncertainty 
regarding the accuracy of the results, and where doubt arose, the tests 
were repeated, with or without modification, until uncertainty was 
ehminated. 

In commenting on Table 134, Marston and Anderson point out that 
the lateral pressure of the fiUmg materials agamst the sides of the trench 
develops a frictional resistance which carries part of the vertical pressure 
near the sides of the trench, so that for the same depth of backfill, as at 
the level of the top of the pipe, the vertical pressure of the filling mate- 
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Table 134 —Approximatb Maximum Loads, in Pounds per Linear 
Foot, on Pipe in Trenches, Imposed bt Common Filling Materials 
Marston and Anderson 


Breadth of ditch at top of pipe 


ipth of fill 
)ove pipe 

1 ft 

j 2 ft 

3 ft 

4 ft 

5 ft 

1 ft 

2 ft 

3 ft 

4 ft 

5 ft 


Partly compaoted damp top 
soil, 00 lb. per cubic foot 

Saturated top soil, 110 lb 
cubic foot 

per 

2 ft 

130 

310 

400 

670 

830 

170 

380 

600 

820 

1,030 

4 ft 

200 

630 

880 

1,230 

1,580 

260 

670 

1,000 

1,510 

1,050 

6 ft 

230 

690 

1,190 

1,700 

2,230 

310 

870 

1,600 

2,140 

2,780 

8 ft 

260 

800 

1,430 

2,120 

2,700 

340 

1,0.30 

1,830 

2,0(10 

3,510 

10 ft 

260 

880 

1.640 

2,450 

3,200 

360 

1,150 

2,100 

3,120 

4,150 


Dry sand, 100 lb per oubio foot > Saturated sand, 1201b Per cubic foot 


2 ft 

150 

340 

550 

740 

030 

180 

410 

650 

890 

4 ft 

220 

500 

070 

1,300 

1,760 

270 

710 

1,170 

1,040 

0 ft 

260 

700 

1,320 

1,800 

2,480 

310 

910 

1,500 

2,270 

8 ft 

280 

800 

1,500 

2,350 

3,100 

340 

1,070 

1,010 

2,820 

10 ft 

200 

980 

1,820 

2,720 

3,650 

350 

1,180 

2,180 

3,260 

12 ft 

300 

1,040 

2,000 

3,050 

4,150 

300 

1,260 

2,400 

3,650 

14 ft 

300 

1,000 

2,140 

3,320 

4,580 

360 

1,310 

2,570 

3,090 

16 ft 

300 

1,130 

2,260 

3,550 

4,050 

360 

1,350 

2,710 

4,260 

18 ft 

300 

1,150 

2,350 

3,740 

5,280 

300 

1,380 

2,820 

4,400 

20 ft 

300 

1,170 

2,420 

3,020 

5,550 

360 

1,400 

2,010 

4,700 

22 ft 

300 

1,180 

2,480 

4,060 

6,800 

360 

1,420 

2,080 

4,880 

24 ft 

300 

1,100 

2,540 

4,180 

6,030 

360 

1,430 

3 050 

5,010 

26 ft 

300 

1,200 

2,570 

4,200 

0,210 

300 

1,410 

3,000 

5,160 

28 ft 

300 

1,200 

2,000 

4,370 

6,.300 

360 

1,440 

3,120 

5,240 

30 ft 

300 

1,200 

2,630 

4,450 

0,530 

300 

1,440 

3,150 

5,340 


1,110 

2,100 

2.070 

3,720 

4,380 

4,080 

5.400 
5,040 
0,330 
0,600 
0,000 
7,230 

7.400 
7,070 
7,830 


Partly compaoted damp yellow 
clay, 100 lb per cubio foot 


1 Saturated yellow olay; 130 lb 
per oubio foot 


2 

ft 

100 

350 

550 

750 

930 

210 

470 

7.30 

1,000 

1 

240 

4 

ft 

250 

620 

1,010 

1,400 

1,800 

340 

840 

1,330 

1,870 

2 

370 

6 

ft 

300 

830 

1,400 

1,000 

2,580 

430 

1,140 

1,000 

2,030 

3 

410 

8 

ft 

330 

000 

1,720 

2,500 

3,250 

400 

1,.380 

2,300 

3,360 

4, 

400 

10 

ft 

350 

1,110 

2,000 

2,020 

3,880 

520 

1,570 

2,700 

3,980 

6. 

270 

12 

ft 

360 

1,200 

2,220 

3,320 

4,460 

540 

1,7.30 

3,100 

4,560 

0 

050 

14 

ft 

370 

1,280 

2,410 

3,650 

4,950 

600 

1,850 

3,410 

5,050 

0 

700 

16 

ft 

370 

1,330 

2,570 

3,950 

5,400 

570 

1,040 

3,000 

5,510 

7, 

440 

18 

ft 

380 

1,380 

2,710 

4,210 

5,810 

670 

2,020 

3,880 

5,930 

8, 

000 

20 

ft 

380 

1,410 

2,830 

4,450 

0,180 

680 

2,000 

4,070 

0,280 

8, 

010 

22 

ft 

380 

1,430 

2,020 

4,040 

0,500 

580 

2,140 

4,240 

0,010 

0, 

130 

24 

ft 

380 

1,460 

3,000 

4,820 

0,800 

580 

2,180 

4,380 

6,010 

0 , 

590 

20 

ft 

380 

1,470 

3,000 

4,980 

7,080 

580 

2,210 

4,500 

7,100 

10, 

010 

28 

ft 

380 

1,480 

3,120 

5,100 

7,310 

580 

2,240 

4,010 

7,380 

10, 

430 

30 

ft 

380 

1,400 

3,170 

5,230 

7,630 

580 

2,200 

4,700 

7,500 

10, 

780 


> These two subtables oontain the most important figures for praotloal use. 


rials, they state, is much greater in the middle of the trench than at the 
sides. Moreover, the side-fiUmg material between the pipe and the 
sides is more compressible than the pipe and therefore can carry very 
little of the load. Hence, the pipe must have sufficient strength to 
carry the weight of all the backfill above the level of the top of the pipe, 
except that supported by friction upon the sides of the trench. Imper- 
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fections in the side filling and tamping probably increase the applica¬ 
bility of the principle 

Most analytical discussion of the pressures m trenches has been based 
upon the assumption of vertical sides In many cases, the sides of the 
trench slope outward from its bottom, a condition wliich was investi¬ 
gated both analytically and experimentally by Marston and Anderson. 
An arching action apparently takes place, they found, between the sides 
of the trench and points at the ends of the top quadrant of the pipe. 
Above the elevation of these 45-deg points, the matenal along the sides 
settles loss than that m the center of the trench The investigations 
referred to led to the conclusion that in these wedge-shaped trenches the 
proper width to substitute for B in the formula W = ewB^ and to use 
as the width of the trench in Table 134, is the width at the height of the 
45-deg points on the pipe circumference, just a httle below the top of 
the pipe. 

Effect of Sheeting.—If sheeting is left in the trench, but the rangers 
removed, the friction between the backfill and the sides of the trench 
inamfestly is decreased and the load on the pipe mcreased The Mars¬ 
ton and Anderson experiments mdicate that this mcrease is from 8 to 15 
per cent, and the experiments by Barbour^ confirm this conclusion. 
If the rangors are left in place, the load coming on the pipes would prob¬ 
ably be about the same as in unsheeted trenches, both according to 
theory and according to experiments by Barbour 

Ra nkin e’s Theory.—The theory of earth pressures given by Rankine 
is explained in Vol. II, p. 271, in its apphcation to the estimation of 
pressure on sheeting. It is most commonly used m computing pressures 
upon retaining walls and the lilce, but may be extended to the estimation 
of oarth loads upon sewers, in which case the surface of the earth is 
usually assumed to be horizontal. The total earth pressure acting on a 
section of a sewer ai’cli may be considered os composed of a vertical 
component equal to the weight of the column of earth above the section 
and a horizontal component wliich at any point cannot be greater than 
(1 -h sill 0)7(1 — sm 0) times the vertical pressure at the same point, 
nor loss than (I — sin 0)/(l + sin 0) times the vertical pressure, 0 being 
the angle of repose. The former expression represents the passive resis¬ 
tance of the earth, while the latter represents the active piessure which, 
at least, probably is realized If the angle 0 is taken as 30 deg., which is 
a convenient figure to use and approximately represents average condi¬ 
tions, the above statement means that the horizontal pres.sure cannot be 
greater than three times the vertical pressure nor less than one-third of 
it. Willie it is recognized that a more logical course would be to use 
exact values for the angle of repose, or, better, the angle of internal 
friction, this is hardly justified for ordinary conditions because of the 

> Jour, Aaaoc, Euq Soc., 1807; 19, 103, 
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■eat uncertainty regarding the action of earth pressures and the varia- 
on in the character and condition of trench materials. 

Terzaghi’s Studies.—It should be mentioned that the methods of 
a n If in ft and Coulomb, for determimng earth pressures, have been 
tiled mto question by Dr. Charles Terzaghi in numerous articles, from 
Dout 1920 to date,^ and he has suggested new theories for the behavior 
' earths based upon their elastic properties "Slip” is held to be an 
cidental rather than an essential event, since an appreciable deforma- 
on or movement of the wall or arch is required before "slip” can 
scur As the structure yields, the mtensity of the pressure is decreased, 
or example, with cohesionlesa sand where, accordmg to accepted 
leories, 

P = HcwH^ 

is 0.42 before deformation of the structure, while, after such yielding 
sgins, c ranges from 0 15 to 0 05 or less. 

Terzaghi's method of determimng earth pressures is based on tests 
r compressibility, permeabihty, and various other characteristics of 
e earth m question The method of utilizing these data is not yet 
fficiently^formulated for general application but requires considerable 
iderstandmg of the nature and behavior of various kinds of earths, 
is to be hoped that the mcreasing amount of research that is being 
rried out in various quarters will present sufficient data on earths 
all lands to permit a more logical and accurate method of determining 
rth pressure for which provision should be made. 

Mohr’s Method of Determining Pressures .—A graphical method of 
termimng earth pressures, devised by Professor Mohr in 1871 and 
inded on Eankme’s theory, was described by Prof. G. F. Swain® 
follows 

Let a horizontal line AH (Kg. 149) represent the surface of tho earth, 
aw HI perpendicular to AH, and of some convenient length, us 5 in., 
livalent to 10 ft. on a scale of in. to 1 ft Lay off 

HK = HI tan® (45° - 

ere <f> => an^e of repose. This will be recognized as equivalent to 
nkine's formula 'for the intensity of earth pressure, with w, tho unit 
ight of earth, omitted. 

P =wH tan® (46° - 

ere P = the total earth pressure per umt length of wall or sower, by Run¬ 
e’s theory, and H = the depth of earth 

laving located pomt K, with K1 as a diameter, doscriho a eirclo. 
rough I draw a Ime IVi paraUel to the face of the wall or section of 
h upon which the pressure of the earth acts Draw ViK tlirough the 

Ena Newa-Reeord, 1020, 86, 032, 1026. 96, 742, 700, 832, 874, 012, 087 1020 
four Franklin Inst, 1882, 111 , Zil, 
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points Vy and K on the circumference of the circle, and prolong it to meet 
the surface line AH. At this pomt of mtersection A, draw AI, which 
gives the direction of the active pressure on plane 1 The distance HVy 
measures the magnitude of this pressure for the depth represented by HI 
{HV]./HI)w is the intensity of active pressure per unit depth of earth on 
plane 1. The magnitude of HVi can be obtained by scahng the line HVi. 
In a similar manner, the direction and amount of the active pressure on any 
other plane, as plane 2, can be found 

The amount of the maximum passive earth pressure is measured by 
HI for a depth of HVy {HI/HVi = mtensity) for plane 1, or by HI for a 


A Sur/uca H 



Fig. 140 —Mohr's graphical method of determining earth pressures 

depth of HVi for plane 2. The direction of the maximum passive pressure 
is found by drawing through 7i, Vi, etc., a diameter of the circle and then 
connecting the point of mtersection B with I Lme BI is the direction of the 
maximum passive pressure for plane 2. It is perpendicular to the face upon 
which pressure is exerted. 

There is an exact mathematical proof of the foregoing, but the follow¬ 
ing general proof will probably be sufficient' 

If, m the figure we lot the hne HI represent a vertical plane, we have 
chosen HK of such a distance that for the depth HI, HK represents the 
intensity of the active earth pressure. 

It can be proved that as the plane of the wall slants away from the 
vortical, a circle of diameter KI will contam all the points V for every 
position of the plane, the intensity bemg HV/HI until a horizontal surface 
is reached which has a pressure of HV/HI “ HI /HI =* 1, or the total dead 
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weight of the earth above the plane The angle IHY is the angle S, or the 
angle which the direction in which pressure acts makes with the normal 
to the plane 

From Rankme’s theory, we know that the angle S can never exceed the 
angle of fnction (^>, or the angle of repose of the earth. Hence, if we draw 
from H two hues making angles of <l> on either side of HI, wo know the 
crrcle must he withm those hnes, and when the earth is just on the point 
of shppmg, S = <l> and the circle is tangent to the two hnes HD and HD' 
‘There are two circles which satisfy the conditions representing the two 
hmitmg states of eqmhbnum when the earth is just ready to slip The 
larger circle, only part of which is shown m Fig 149, represents the case 
where the maximum pnncipal pressure HI is mcreased until the limiting 
condition is reached This is the passive earth pressure The smaller 
circle represents the case where the minimum prmcipal pressure HK is 
decreased until the hmiting condition is reached. This is the active earth 
pressure In the case of (^> = 30 deg, for which the figure is drawn, the 
passive earth pressure is nme tjmes the active' It is not necessary, however, 
to use the large circle, smce for the active pressure 



— am <l> 
+ am 


and for the passive pressure 



+ sin 
— sm 


the term (I — sm (^>)/(l + sin <^) being merely inverted The inversion 
has been accomphahed as follows 
The active pressure per unit depth = w{HV/HI) 

The passive pressure per unit depth = w{HI/HV) 

The angle IHV = the angle S, the angle between the normal to the 
plane and the direction m which pressure acts. Therefore, having this 
angle, we con erect a normal to the plane and lay off the angle S, thereby 
obtammg the direction of the stress. For example: 


angle ZAFi = angle IHVi 

Recent experiments (1926) at the Iowa Experiment Station’ on the 
Bupportmg strength of pipes in embankments “confinn the general 
correctness and reliability of Rankine's formula for calculating the 
active horizontal pressure in masses of granular materials.” 


SURFACE LOADS TRANSMITTED TO SEWERS 

Live Loads.—Sewers constructed in shallow cut are often subjected 
to the effect of loads on the surface, transmitted through the earth 
filhng. If the sewer hne is crossed by steam-railroad tracks, there will 
be heavy loads from locomotives or loaded freight cars; if crossed by an 
electric railroad, there will be the loads from passenger or express cars, 
construction cars, or snow plows, which, in the case of high-class inter- 

1 BvJO, 70, Engmeering Expenment Station, Iowa State CoUege, Amea, Iowa. 
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in lines, amount to approximately the same as the loads on second- 
5 steam railroads In highways, sewers are subject to the loads of 
m rpad rollers, traction engines, and heavy trucks. 


TABLli] 136 


Standard Locomotive Loadiinos. 

O 6 


le SpoclnQiPl' 
’ Axle Load 

j 

> 

Axle Lood 

Axle Load 

Axle Spacing 
In Teet 

Axle Load 








c 


Uniform Load 
3JIOOlhperljn r-t 

Uniform Load 
AjOOOLh peril riFr 

Uniform Load 
^OOOlk peril nfr 


Uniform Load 
4,8001b perlln.Fr 


om Coopor’a Gonoral Spcoiflcationa for Stool Hollroad Bridges, 
sm Trana. Am Soc C, E„ 1006, 64A, 82 


Tablh 136 


Typical Heavy Freight Cars 


AxleSpocmg 
in FeeUnches. 

Steel Coal Cars 

Axle Load 


Axle Spocing 
in Fe^-lnches 


Iron Ore Cars 

Axle Load 


$9 

9 <? 

- 13 ' 9 '— 

-►J<3' >j 

1 1 

sr ^ 

1 


. /y'a"- 

- 

1 1 

S' S' 

^ } 


Trana Am Soc C. E,, 1006, B4A, 86 


oonvenionce m estimating live loads, four tables are given. Table 
ypical standard locomotive axle loads and spacings, Table 136, 
1 axle loads of cars for heavy freight, such as coal or iron ore; 
137, typical axle loads of the heavy type of electric cars for sub¬ 
service; and Table 138 the wheel loads and general dimensions 
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Tablu 137.— ^Typioal Heavy Eleotrio Cars 


Long Island R R 


Axle Spacing 
Feet 




1907-53Tons ^ 

Pounds 

Boston Elevcrtsd Ry Axle^Spaclng 

y^^i^Load 

405Tons2 

Boslon Elevated Ry 
Cam^idgeSu^gCar 
6Z9Tons‘ 

Interborough Rapid Axle Spacing 
Transit Co ^®®t 

Manhattan^ Div Car Axle Load 
380 Tons 2 Pounds 

Inkrborough ftapld Spacing 
TransrtCo Feet 

Subway Division Car Axleload 

55 98Tons * Pounds 

BayStoteStRy Co 
Express Car ^xleLoad 

49 5Tons^ Pounds 

Typical Passenger Car AxleSoacing 
Trans AnSoc C E 
1924,87,1277 

Typical Freight Car 
Trans Am Soc C.E 
I924-,67,I277 


<D 


-37S' 

■5/0‘- 


6.7''\‘S,45^ 


sr ^ 




-26Z5'- 
-46 60'- 


-—44 5'- - 
692/'— 


So' *£J' 


-- 2767‘- 
- 4733' 


I ^ 

$ 

Kf f3' 

-•f 70H 

S § 
S 5? 




iQ 

CVT 


u—Irfit 

1 I 

sr S' 


-- 2992^- 
--3/331- 


-/5 67!- 
■42 0'-- 


Rl 

r *j* &67*j^ 

?5 P5 
-^d33i| 


Feet 
Axle Load 
Pounds 
Axle Spacing 
Feet 

Axle Load 
Pounds 


|«70'>j-- 




■270'- 


-^7.0'^ 


^From Jovr Assn.Eng jSoc /307j43,24I 


^6 0'f- 


^ From Proe 


■19 0'- 


'O' or 

->|<6 0'{ 


£/jgSoc Wes/ Penn /9IS,3l,738e,742 


of steam road rollers, traction engines and heavy automobile trucks. 
Figure 150 shows the details of standard railroad track construction. 

Locomotives have increased in weight to such an extent that most 
main-hne railroad bridges are now designed for Cooper's Class E-50 
loading, or heavier, which is five-fourths times the Class EAO loading, 
shown m Table 134, on the same axle spacing. 

Additional data regarding loads from electric cars, auto trucks, and 
occasional heavy loads to which highways are subjected can be found 
in a paper by Charles M. Spofford ^ 

In the Second Progress Rept. of the Special Committee to Report on 
Stresses in Railroad Track,® the results are given of tests of the distiibu- 
tion of pressure in the ballast under loaded raih'oad ties. For the 
standard track construction shown m Fig. 150, the vertical pressure at a 
depth of 30 in. below the underside of the ties was practically uiuform 
for equal loads on the ties and in intensity amounted to 33 per cent of 

1 Highway Bndge Floors, Proe Eng Soc Western Penn , 1916, 81, 727 
* Trans Am Soo C E, 1919-1920, B8, 1673 
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Tablb 138.— Whiqhts of Road Rollhrs, Traotobs, and Thucks 


Total 

Load 

Diameter of 

Face width of 

weight 

per 

wheels in 

wheels m 

Rating eqmpped 

wheel 

inches 

inches 

m 

m 





pounds 

pounds 

Front 

Rear 

Front 

1 Rear 


Dis¬ 
tance 
c. to c 
of axles 


Ft 


In 


Width 

of 

track, 

inches 


Weights of steam road rollers 




(Data furnished 

by the Buffalo 

Steam Roller 

Co) 



10 

tons 

26,000 

8,670 

44 

69 

mi 

18 

9 

10 

12 

tons 

31,000 

10,340 

46 

69 

51 

20 

10 

8 

16 

tons 

39,000 

13,000 

48 

72 

52)4 

22 

11 

1 94 


Weight of traction engine 
(Data fwntahcd by the Good Roads Machinery Co ) 


16 hp. 1 19,580 I 6,5301 40 | 66 1 12 | 10 |10 6| 82 


Weights of typical automobile trucks 


5 tons 

20,0002 

6,9001 

36 

42 

6 

13 

12 6 

20 tons“ 

40,000 

16,0001 




20 

14 0 


1 Hoot wheola 

> Allows for 26 por cent ovorload 
■ Trans Am. 3oo C E , 1924; 87, 1277 



FiO. 150.'—Standard railroad track construction. 


the average intensity of pressure applied to the ballast by a tie (see 
Fig. 161). With ties spaced 18 in. instead of 24 in , c. to o., the pressure 
was uniform at a depth of 24 in. and amounted to 44 per cent. 
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From the results of tests of railroad-tie reactions,^ it may be assumed 
that one axle load from locomotive drivers or oar truck will be distributed 
over the least number of ties mcluded in a distance equal to the axle 
spacmg. 

As an application of the above, if we assume a Cooper's Class E-Mi 
locomotive loading on the standard track shown in Fig 160, the average 
load on one tie from one driving axle spread over three ties may be 
taken as 13,333 lb , eqmvalent to 2,500 lb. per square foot of tie. At 



33 S3 33 33 38 SS SS 38 33 S3 33 33 .13 

33 .33 S3 S3 33 33 33 33 33 SS SS 33 33 1 33 33 33 S3 33 33 

27 24 18 15 12 9 6 3 0 3 U 9 12 15 IB 21 24 27 

Dlatanoe from Center Uno of Middle Tie In Inohcs 


Fig 161 —Clones of equal vertical unit pressure in ballast for equal loads on 
ties, m terms of percentages of the average unit pressure appUed to tho ballast 
by a tie * 


a depth of 12 m m the ballast, according to Fig. 151, the average 
pressure may vary from about 77 per cent, or 1,930 lb. per square foot 
directly under the tie to 5 per cent, or 125 lb. per square foot, halfway 
between the ties There is also some variation in intensity of pressure 
in a direction parallel with the ties At a depth of 30 in below tho tics 
in the subgrade, the pressiue can probably be assumed as substantially 
uniform and about 33 per cent of that at the tie, equivalent to S25 
lb per square foot. 

If the railway track is built mto gi'outed-granito block or other 
pavement resting on a concrete base, the pressures from wheel loads will 
be distributed over a greater aiea m less depth. 

For locomotives the heaviest concentration would occur under the 
driving wheels, or, in the case of freight or passenger cars, under one 
truck. In Table 139 are estunates of the intensity of such loads 

> First Progress Bapi of the Special Comnuttee to Report on Streeaee in Railroad Track 
Trans Am Soc C , 1918, 83, 1209 

* Trans Am Soc C E . 1919-1926, 8S, 1673 
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Tablh 139.— Estimated Intensities op Surpaoe Loads 



Assumed pres- 



sure on under- Estimated 


side of ties, eqmvalent 

assummg one intensity of load 

Loading 

axle load on the on a plane 30 in. 
least number of below underside 


ties between of ties, pounds 
axles, pounds per square foot 


per square foot 


Locomotive, Cooper’s Class E-3Q 

1,875 

6201 

Locomotive, Cooper's Class ^-40 

2,600 

825 

Locomotive, Cooper’s Class E-50 

3,125 

1,030 

Locomotive, Northern Pacific R R 

3,260 

1,070 

Locomotive, A. T. & S F R R 

6,180 

2,040 

Steel coal car. 

2,190 

720 

Steel ore cor . . 

3,760 

1,240 

Electric car, Long Island R R 

1,925 

635 

Electric car, Boston & Worcester St. Ry 
Electric car, Boston Elev. Ry Elevated 

1,560 

616 

Car No 3 

Electric car, Boston Elev Ry, Cam- 

1,480 

490 

bndge Subway Car 

Electric car, Iiiterborough Rap Tr Co 

2,120 

700 , 

Man. Ry. Div Car 

Electric car, Intorborough Rap. Tr Co. 

1,385 

460 

Subway Div. Car . 

Electric car. Bay State St Ry Co. 

1,985 

656 

Express Car. 

1,650 

610 

Electric car, Typical Passenger Car . 

1,875 

620 

Electric car, Typical Freight Cor 

3,126 

1,030 

Estimated equivalent load on 
surface, pounds per Imear foot of 



trench'* 


Steam road roller 10 tons 

8,670 


Steam road roller 12 tons .... 

10,340 


Steam road roller 16 tons. 

13,000 


Traction engine 16 hp ., . 

6,530 


Automobile tnick 6 tons (rating). 

6,900 


Automobile truck 20 tons (total weight) 

16,000 



> Asaumod Intonalty of proasuro .33 por oent of that on undoralde of tiaa 
* AaauininB wolptht of ono wliool por linoor foot of tronch If tronoh la wide enough to 
receive both roar whoola, lood osauniod ahould bo that upon the two rear wheela. 
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The loads from the wheels of steam road rollers, traction engines, 
trucks, etc., are apphed directly to the surface of the fill but over a very 
small area Although the mtensity of the load at the surface is great, 
it becomes distributed fairly weU over the entire width of the trench for 
a depth of 5 ft. or more and in a similar maimer longitudinally. 

Dead Loads.—In manufacturing districts, sewers are often subjected 
to heavy surface loads from pdes of lumber, brick, pig iron, coal, etc. 
Wherever such is likely to be the case, ample allowance should be made. 
It is not uncommon to find surface loads as high as the following, lumber, 
860 lb. per square foot, bnck, 900 lb.; coal, 1,200 lb.; and pig iron, 
2,300 lb. 

There are cases, doubtless, where heavy masonry foundations have 
been built over sewers without regard for their stability. Wherever it 
is necessary to do such work, either the sewer arch should be strength¬ 
ened to carry the excess load or, preferably, the foundation in question 
should be built so as to reheve the sewer arch of aU of the load of the 
buildmg or structure. 

Proportion of Loads Transmitted to Sewers; Investigations of Mars- 
ton and Anderson.—In order to determine the effect of such excess loads, 
Marston and Anderson^ earned out an analytical and experimental 
investigation. They found that for a long load extending along the 

Table 140— Proportion op “Long” Superficial Loads on Back¬ 
filling Which Reaches the Pipe in Trenches with Different 
Ratios op Depth to Width at Top op Pipe 
Marston and Anderson 


Ratio of 
depth to 
width • 

Sand and 
damp top 
soil 

Saturated 
top soil 

Damp yellow 
clay 

Saturated 
yellow clay 

0 0 

1 00 

1 00 

1 00 

1 00 

0 5 

0 85 

0 86 

0 88 

0 89 

1 0 

0 72 

0 75 

0 77 

0 80 

1 5 

0 61 

0 64 

0 67 

0 72 

2 0 

0 62 

0 55 

0 59 

0 64 

2 6 

0 44 

0 48 

0 52 

0 67 

3 0 

0 37 

0 41 

0 45 

0 51 

4 0 

0 27 

0 31 

0 35 

0 41 

6 0 

0 19 

0 23 

0 27 

0 33 

6 0 

0 14 

0 17 

0 20 

0 26 

8 0 

0 07 

0 09 

0 12 

0.17 

10 0 

0 04 

0 06 

0 07 

0 11 


Noth. Curves baaed on this table are given in Fig 152, 

‘ Bvll 31, Engineering Experiment Station, Iowa State College of Agnoulturo and 
Meohanlo Arts, 1013 
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trench, the decimal part of it which is transmitted to the pipe in trenches 
of different dimensions is approximately that given in Table 140. 

Where the load is imposed by some short object, such as a road roller, 
the results of the investigation are not so positive, for it was found 
impracticable to teat the theory upon which the analysis of such condi¬ 
tions was baaed. This theory was about the same as that found to be 
correct in other work when tested experimentally, so the results in this 
case are of considerable value even if purely theoretical Apparently, 
the proportion of the load reaclung the pipe depends on the ratio of the 
load along the trench the width of the trench and on the ratio of the 
lateral and longitudinal pressures m the backfilling. The maximum 
and minimum values of the proportion of the load reaching the pipe are 
given in Table 141. The wide range of the figures in this table shows 
clearly that this particular portion of the mvestigation was not so 
directly applicable to practical problems as the rest of it 

Table 141 — Proportion op “Short” Superficial Loajjs on Backfilling 
Which Reaches the Pipe in Trenches with Different 
Ratios op Depth to Width 
Marston and Anderson 


Ratio Sand and damp Saturated Damp yellow Saturated 
of top soil top soil clay yellow clay 

depth 


to 

width 

Max. 

Mm 

Max 

0 0 

1 00 

1 00 

1 00 

0 5 

0 77 

0 12 

0 78 

1 0 

0 59 

0 02 

0 61 

1 6 

0 46 


0 48 

2 0 

0 35 


0 38 

2.5 

0 27 


0 29 

3 0 

0 21 


0 23 

4 0 

0 12 


0 14 

6.0 

0 07 


0.09 

6 0 

0 04 


0 06 

8 0 

0 02 


0 02 

10 0 

0 01 


0.01 


Mm 

Max 

Mm. 

Max 

Min. 

1 00 

1 00 

1 00 

1 00 

1 00 

0 13 

0 79 

0 13 

0 81 

0 13 

0 02 

0.63 

0 02 

0 66 

0 02 


0 61 


0 54 



0 40 


0 44 



0 32 


0 35 



0 25 


0 29 



0 16 


0 19 



0 10 

• 

0 13 



0 06 


0 08 



0 03 


0 04 



0.01 


0 02 



Notb. Curves based on this table ore given in Fig 152 


The maximum proportions in Table 141 were found to occur when the 
length of the superficial load along the trench was equal to the trench 
width and the longitudinal earth pressure m the trench was one-half the 
lateral pressure. The minimum values occurred with the length of load 
equal to one-tenth the trench width and the longitudinal and lateral 
earth pressures equal. 
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In Fig. 162 are plotted curves of the values of c in the formula 

Wp = cW, 

By “long loads” are meant those which eirtend a long distance along 
the trench as compared with its width and height In this class come 
such loads as those resulting from piles of brick, lumber, pig iron, coal, 
etc., and, possibly, m freight yards, from long hues of cars on storage 
tracks. 

By “short loads” are meant loads such as those from road rollers, 
trucks, or wagons and, in general, all of the other “live” loads previously 
mentioned. 

The curves in Fig. 152 will be found of value m estimatmg the propor¬ 
tion of the weight of surface loads that might be transmitted through the 
backfilling to the sewer. All such loads, after having been reduced in 
the proportion shown by the curves or as aided by judgment, should 


toeffi dents c. 



Fig. 162.—Coefficients of surface loads transmitted through earth fill in trench 

to sewers 


be added to the load due to the backfill obtained by the method pre¬ 
viously described. In this way the backlilhng and surface loading will 
be reduced to the load in pounds per hnear foot on the pipe. 

The allowance for increase iu the load on the pipe due to impact in 
the case of the faster moving short loads will depend largely on the judg¬ 
ment of the engineer. It is beheved, however, that for ordinary high¬ 
way conditions, an increase of 60 to 100 per cent over the calculated 
load will be sufficient. 


For example, the depth of earth over the crown of a certain sewer is 20 ft., 
and the width of trench at the top of the sewer is 10 ft. The backfilling 
material is sand weighmg 120 lb. per cubic foot. One section of tins sower 
is to be built under a coal yard, and accordingly there should be added a 
surface load due to piles of coal of 1,200 lb. per square foot. The total 
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"long load” per linear foot of trench, TT*, would be 1,200 X 10 =* 12,0001b. 
The ratio of height of fill to width of trench, H/B = 2. On Fig 152, follow 
along the horizontal line H/B = 2 until it intersects the curve for sand and 
damp top soil for long loads, which pomt is on the vertical hne (interpolated) 
for coefiiciont c = 0.52. Substituting in the formula Wp = cW, the 
values of c = 0 52 and W, = 12,000, we have cWg = 0.52 X 12,000 = 
0,240 lb. per linear foot of sewer 

In order to detenmne the total load on the pipe it is necessary to obtain 
the load due to the backfill The value of H/B is 2 as previously) and from 
Table 132, c in the foimula W = cw B^ would be 1.47 Then PF = 1 47 X 
120 X 10® = 17,020 lb per hnear foot due to the backfill The total toad 
on the pipe will be 17,020 + 0,240 = 23,800 lb. per hnear foot. 

Other Experiments.—^A. T Goldbeck^ and Prof. M L Enger® have 
also made experiments which are of mterest m this connection, although 
these experiments are, not extensive enough to permit of duect apphea- 
tion to sewer design 

Possible Load on Pipe Resulting from Tamping Backfill.—^An example 
of the possible use of Table 141 is given by Marston and Anderson 
in a discussion of the probable coriectness of the general impression 
that pipes with n small depth of cover are susceptible to greater 
damage than those in deep trenches and that more damage is done 
durmg tamping than is frequently consideied probable by those who 
write specifications for pipe The maximum pressure V, on the 
backfiU, resulting from the shock of a blow of a rammer, is 2TF/f, where 
T is the weight of the rammer in pounds. 

The data for an example of the use of the formula may be taken from 
a discussion by J. N Hazlehurst. Here the origmal "very thorough” 
tamping was done with a 40-lb rammer on a 6-m. clay cover, resulting 
in some cracking of the pipe, while, later, the use of a 30-lb rammer on 
a 12-in. fill had no such result If it be assumed that very thorough 
tamping on a 6-m. cover is such as would produce a final compression/ 
of 0.01 ft under one blow, and the lieight of faU F was 0.5 ft, then, with a 
40-lb. rammer, F, =..4,000 lb. If the rammer had a face width b, of 0 67 
ft., thou the ratio of deptli of cover to the width over which the load was 
applied, H/h = 0 5/0.67, was 0.75 The percentage of F, reachmg the 
pipe would be, from Table 141, about 71. Hence, about 2,800 lb would 
be directly transmitted to on S- by S-m. area of pipe. With the lighter 
rammer, / would probably be a little loi'ger, say 0 015 ft, because the 
cover was 1 ft instead of 0 5 ft. The same method of computation a» 
in the first caso shows tliat the pressure op the S- by 8-in. area would be' 
about 1,000 lb The correctness of the opinion occasionally expressed, 
that the use of a rather thick cover and hght rammer in the lower part 

IJVOO A S r. , 1017, 17, Port II, 641. 

* Sno , Record , 1010, 73, 106 
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of the trench is desirable for the safety of the pipe, is confirmed by th 
analytical method of investigation 

PRESSURE m EMBANB^ilENTS 

Marston’s Culvert-pipe Investigations.—Beginning in 1916, Pro 
Anson Marston has carried out an extensive investigation of the loac 
transmitted to culvert pipe, meaning thereby pipe which were laid o 
or shghtly below the natural surface of the ground and then covere 
by an embankment. This is the usual condition experienced in buildin 
culverts. It is not uncommon in sewer work, particularly for outfa 
or intercepting sewers, or when the sewers are constructed at the sam 
time as highway embankments. 

The experiments were made in a similar way to those on pressure i 
trenches. It was found^ that the some expression as for pressure i 
trenches was apphcable, namely, 

W = cwB^ 

in which B is the greatest outside width of the'pipe or culvert, while 
IS considerably greater than for pipes m trenches. 

The tests showed that if the material of the embankment was con 
sohdated by wettmg and roUmg, to an elevation above that of the toj 
of the culvert amountmg to at least one-third of the total height of th) 
embankment above that pomt, and a trench were then excavated ir 
the compacted earth and the culvert built, the resulting loads upon th( 
pipe after the embankment was completed were the same as though th( 
pipe had been laid entirely m a trench; in other words, "ditch condi 
tions” prevailed, and the coefficients given in Table 132 were applicable 
If the pipe were laid first, either on or somewhat below the natura 
surface, and the embankment built over it—called "projection condi¬ 
tion,” since a part of the pipe projects above the original surface—^it 
was found that coefficients dependmg, in part, upon the extent of suet 
projection were applicable, as already noted. 

If the lower part of the embankment was constructed and consolidated 
before laymg the pipe, but to a height above the top of the culvert less 
than one-third of the total height of the embankment above that level, 
then "imperfect ditch conditions” existed, and the values of the 
coefficient were uncertain but somewhere between those for "projection 
conditions” and "ditch conditions.” 

Figure 163® shows graphically the values of the coefficient c for ditch 
conditions, for projection conditions with vanous amounts of projec¬ 
tion, and for the intermediate zone of "imperfect ditch conditions.” 

1922 Culvert Pipe Investigations, Iowa Eng Exporimont Station, 

* Reproduoed from Mabston'b Repl 
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The experiments were earned out with embankments of various 
heights, up to 20 ft The applicability of the coefficients to conditions 


Formula • W=cwB^ 

(c^coefftcienl) 


w=WergfM o-fambankmerrl'rtKrhnal 
m lb percu.-fb. 


B =6recrfesf horizonhl breadlh of 
conduj'b mfeef 


P <*ProjechQn of conduH- 
above soFid surface 

W^Loadoncondu,Hnlb.pertln ff. 

Values of Coefficient c 



Fig. 163,—Computation diagram for loads on conduits (Marston ) 


in which the height of embankment materially exceeds 20 ft is, there¬ 
fore, open to question. 

The horizontal pressure exerted by the material of the embankment 
is best determined by Rankine’s formula given on p. 465- 
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WEIGHT OF BACKFILLmO 

For much desigmng work, it la sufficient to assume that the backfill 
will weigh 120 lb per cubic foot and that the horizontal pressure at any 
depth due to this fill will be one-third of the vertical pleasure Where 
more precise figures are required, the material which will be used should 
actually be weighed, in a moist as well as a dry condition, or the informa¬ 
tion given in Table 133, p. 463, should be employed. 



CHAPTER XIV 


E ANALYSIS OF STRESSES IN SEWER SECTIONS 

imiiiary Design of Section.—The first step in the design of a 
section, after selection of the shape of section to be used, is to 
a preliminary design, based upon sections which have been used 
asly or with dimensions fixed by some empirical rule, as given 
ip XII. The stresses to which the section may be subjected 
then be analyzed and the design modified if necessary, so as to 
e ample strength for the anticipated loads and at the same time 
aomical in material and construction costs 
mation of Loads.—The estimation of the external forces to which 
v'er may be subjected is attended with quite as much uncertainty 
other step in the design. The dead weight of the structure itself 
the earth over it can be computed with a fair degree of accuracy; 
lether there may be a future surcharge from additional fill or 
torage of heavy materials, what temporary or moving loads may 
hed, to what extent the sides of the trench may take a part of 
id of the earth, or whether the sower may have to carry more 
lie earth directly over it can only be approximated. The amount 
horizontal components of the thrusts from the earth can also be 
ted only approximately It is, however, necessary to assume the 
7hich the sewer is expected to cany, before its abihty to sustain 
lan be computed; and the methods and data given in Chap, 
dll be of assistance in doing this. 

hods of Analyzmg Stresses.—Three methods of analyzing the 
3 in sewer sections are described m detail herein, and diagrams and 
tations illustrating the application of each of them to a horseshoe 
16 ft. 6 in. by 15 ft 2 m. are given, based upon a preliminary 
in which an arch 11 in. thick at the crown is assumed. This 
appears to have sufficient strength if the character of the founda- 
such that the entire load earned by the arch is transmitted to the 
r rock below the side walls, but if the sewer is to be built m oom- 
le earth so that the entire section must be considered as an elastic 
he load bemg transmitted to the eaidh across the whole of the 
the unit stresses will be too high, and the section should be 
ned with thicker arch and invert 

first method, herein called the “method of static analysis,” is 
Dn the so-called “hypothesis of least crown thi'ust” and is appli- 
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cable only to a limited portion of the arch and side walls. It assumes 
that the foundation is unyieldmg. This method is intended primarily 
for unreinforced masonry arches. 

The second method, herem called “method of analysis according to 
the elastic theory,” is based on the elastic theory of the arch and follows 
the method described by Turneaure and Maurerit is applicable to all 
sewer sections and loadmgs. Its apphcation to conditions in which the 
entire section must be considered as an elastic rmg is somewhat laborious 
because of the greater number of trial divisions mvolved. 

The third method, also based on the elastic theory but using the so- 
called “method for indeterminate structures,” is of special advantage 
in the anals^is of the entire sewer section as it allows more freedom in 
Bubdividmg the section For large sewers, constructed in compressible 
soil and built of monolithic reinforced concrete, this method is the most 
advantageous. 

Particular attention is called to the fact that m the following analyses 
the terms “elastic theory” and “method for indeterminate structures” 
are used as names for two methods both of which are based on the elastic 
theory and are apphcable to mdetermmate structures The practical 
difference between the two is m the method of subdividing the sewer 
section for the analysis. 

Since the three examples are based so far as practicable on the same 
assumptions, a direct comparison may be made of the results obtained, 
as is done heremafter. 

A fourth method which has sometimes been used, but which is not 
given herem, is that of Prof Chas. E. Greene® for an arch rib with fixed 
ends. Accordmg to Homer, this method was used for the earlier arches 
designed under his direction. Later, it was worked up in the form of 
general formulas for each 10-deg. pomt on the arch. Similar formulas 
have been published by A. E. Lmdau ® Homer stated that 

. . tbs method is satisfactory where the arch rests on rock or on a 
heavy mvert, but the mtroduction of a aide wall of over a foot in height 
causes the whole structure to depart somewhat from fixture at the spring 
hue. 

He further states that Greene’s method was used in 1914 to obtain a trial 
section for all larger arches or work of special importance and that the 
work was checked by the elastic-theory method of Turneaure and 
Maurer. 

Voussoirs” and Joints.” ^In each of the methods of analysis, the 
Mch ring (or the entire sewer section) is divided into segments by radial 
lines, i e , lines drawn normal to the center line of the ring. For the 

1" PnncipleB of Rainforoed Conorete Construotion," 

* "TruBaefl and Arches," Part III, John Wiley ds Sona, Ino. (1008). 

' Tram Am 8oe C B , 1908, 61, 387. 
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3e of this discussion, the segments are called “voussoirs,” and the 
)etween them are called “joints.” It should not be inferred that 
are joints m the masonry, as this, on the contrary, is supposed 
monohthic The use of the term “voussoir,” which means an 
:one, to include any part of the full section, is also somewhat anom- 
however, there do not appear to be any other words which can 
d without ambiguity, to express the desired meanings, 
ewback” and “Springing Line.”—“The inchned or horizontal 
3 where the arch begins is called the skewhack, the inner 

if the skewback . is the springing line.”^ There may be a 
nee between the plane where the arch begins and the one where it 
■s to begin. For instance, a semicircular arch appears to begin 
horizontal plane passing through the center. There are cases, 
er, in which the lower portions of the apparent arch are really 
I upward extensions of the abutment walls, the real skewbacks 
inclined planes higher than the center of the arch 

ANALYSIS OF STRESSES BY “STATIC** METHOD 

re are a number of theories on which the static analysis of stresses 
les has been based, but the one most generally employed is the 
il theory, based on the hypothesis of least crown thrust The 
ng application of this theory to the design of sewer arches is based 
iscussion by !3aker.“ 

irding to the hypothesis of least crown thrust, the true line of 
nee of the arch is that for which the thi-ust at the crown is the 
lossible in amount consistent with the aich being in a state of 
rium. This theory assumes that the external forces acting on the 
reate a thrust at the crown sufficient in amount to estabhah 
rium in the arch and that when this state of equihbrium has been 
shed, there is no need for further increase in the amount of this 
and, therefore, the thrust is the least possible consistent with 
rium. These assumptions do not of themselves locate the hne 
stance, but if the external forces are known in amount, position, 
rection, and the direction and point of application of the thrusts 
umed, sufl&cient data will be provided to locate the line of resist- 
orrospondmg to the least possible crown thrust. The rational 
1 assumes that the earth pressure acting on the arch is composed 
ical and horizontal components. 

method is not applicable to arches unsymmetrically loaded, 
ds of analyzing arches with unsymmetrical loads are long nnd 
us, and it is best to provide a section of ample size with steel in 
ices to allow for reversal of stresses. 

IT, " Structural EnKinocnni;," ili, 402, 

atlse on Maeonry Construction,” Tenth Edition, 020 
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It is desired to locate the line of resistance of the 16-ft. 6-in. span 
concrete arch shown in Fig 154, the thickness of the arch having been 
assumed, either with the aid of one of the empirical formulas previously- 
given or in the hght of experience with arches already constmcted. 
As it has been assumed that the arch is symmetrically loaded, only half 
of the section need be dra-wn, as shown m the figure Assume that the 
arch supports a depth of earth of 24 ft above the crown, that the unit 
weight of the earth is 100 lb. per cubic foot, and that tlie unit weight 
of the concrete masonry is 150 lb per cubic foot. 

Division of the Arch into Voussoirs.—The inasoniy is divided by 
“joints” spaced uniformly along the center line of the ring, as shown 
iu Fig 154, into a number of “ voussons ” The joints are taken approxi¬ 
mately normal to the center line of the nng This analysis is for the 
purpose of determimng the location and magnitude of the forces 
■within the masonry at the joints. In this and in further discussions, 
a 1-ft length of arch ring is always assumed 

It is necessary to assume the voussoirs small enough so that no 
material error -will result from the assumptions as to centers of gravity 
points of application of forces, etc., and so that there is little likelihood 
of material mcrease m thrust at the crown if the true “joint of rupture” 
(defined below) lies between two of the assumed joints Unnecessary 
mcrease in the number of joints assumed, however, is to be avoided 
because of the mcreased number of computations involved. 

External Forces.—The external forces acting at any voussoir are the 
weight of the voussoir itself and the pressure resulting from the earth 
over it, together with any superimposed loading, which may be taken 
as equivalent to an additional earth fill. The weight of the voussoir 
may be considered as a vertical force acting at its center of gravity; 
but for purposes of this analysis, its point of application is assumed to 
coincide -with that of the vertical earth load on the voussoir. Tins 
involves only a small error, for the weight of the voussoir is usually 
small compared with the vertical earth load. The pressure (if the 
earth results from its weight, but its direction may be either vortical 
or mclined. In the following illustrative example we assume that the 
resultant vertical component of the earth pressure is equivalent to the 
weight of the prism of earth directly above the extrados of the voussoir, 
acting through the center of the horizontal projection of the extrados! 
The horizontal component of the earth pressure may be estimated by the 
methods described m Chap XIII. Generally, it may bo assumed that 
the mtensity of the horizontal pressure is one-third of the vortical 
and that the resultant horizontal component acts through the center of 
the vertical projection of the extrados. (This point is near enough to 
the center of pressure for practical purposes, in most cases, particularly 
in view of the uncertainty of the actual amount of the horizontal 










486 


AMERICAN SEWERAGE PRACTICE 


pressure) The resulting honzontal and vertical forces for each 
vouBSoir are given in Table 142. 

Caution. This method of computing the load was used in the first edition 
of this book and has not been changed because the examples still illustrate 
the methods of analysis The above loading would occur m the case of a 
trench wider than the masonry and a backfill of a purely granular nature, 
there being no assistance due to friction on the sides of the trench and no 
arclung action m the material. It is the recommendation of the authors 


Table 142 — Computations of External Forces 


1 

2 

3 

4 

6 

0 


Weight 

Vertical 

Total 

Horizontal 

Ilosiiltant 

VoiuBoir 

of 

earth 

vertical 

earth 

for 00 

number 

conarete, 

preesure, 

force. 

pressure. 

on vouBBoir, 


pounds 

pounds 

pounds 

pounds 

pounds 

1 

230 

4,120 

4,360 

140 

4,360 

2 

230 

4,000 

4,230 

390 

4,260 

3 

240 

3,820 

4,000 

060 

4,110 

4 

260 

3,640 

3,790 

020 

3,010 

6 

270 

3,120 

3,300 

1,170 

3,600 

e 

290 

2,610 

2,800 

1,430 

3,140 

7 

310 

1,780 

2,000 

1,060 

2,000 

S 

330 

800 

1,220 

1,860 

2,220 



Fig 166. 


that, for ordmary conditions where the sewer is constructed in a trench, 
the Marston and Anderson method, discussed m Chap XIII, bo used to 
obtam the load per hnear foot This load should then bo assumed to act on 
the top quadrant of the section The horizontal load to be assumed on the 
voussoirs will depend on the amount of saturation expected, the extent of 
compacting the backfill on the sides of the section, etc., and is distmctly a 
matter of judgment on the part of the engmeer. The most severe condition 
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y results when the vertical load is distributed over the top quadrant 
jtle or no honzontal load is assumed along the sides of the section. 

;7n Thrust.—The portion of the arch shown m Fig. 166 is held in 
trium by the vertical and horizontal forces due to the sum of the 
s of concrete and earth prism and the horizontal component of 
rth pressure, by the i-eaction R at the spiingiug Ime or abutment, 
f the thioist H at the crown The direction of the reaction at the 
ent is immaterial m this discussion 

H = thrust at the crown 

Ho = minimum crown thrust required to maintain equihbnum 
Hi = crown thrust taking ihoments about the inner third points of 
the jomts 

Hi =■ crown thrust taking moments about the outer third pomts of 
the jomts 

, etc. = origin of moments or point of application of reaction R at any 
joint 

etc. = horizontal distance from pomt of apphcation of reaction R on 
any joint under consideration, to the hne of action of Wi, wi, 
etc 

etc. = total vertical forces on the successive voussoira, as shown m 
Fig 166 

, etc. = vortical distance from point of apphcation of reaction R to the 
line of action of hi, ho, etc 

etc = horizontal components of forces acting on the successive 
voUBSOirs 

y = vertical distance from pomt of apphcation of reaction R to the 
hne of action of H 

by taking moments about the point of apphcation of the reaction, we 
le following equation: 

= WiXi + WiXi •••-(- w^n + hiKi + hoKo •••-(- hnKn. 

,his we obtam 

„ "Swx + "ShK 

^' y 

1 the above equations it appears that, other things remaining the 
IS y increasoa, H decreases, and, therefore, in order to obtam a mmi- 
'■alue of the thrust H, its point of application should be as near the 
is as is possible without exerting too great stress upon the maaonry. 
lually assumed that the thrust acts at a pomt one-third the depth of 
ih from the oxtrados at the crown. Tliis assumption means that tho 
mpressive stress at tho crown is equal to twice the thrust H divided 
thickness of tho arch at that pomt, and the mimmum compressive 

9 0 . 

also usually assumed that the thrust acts horizontally. If tho arch 
nq|;ncally loaded, this assumption is a reasonable one, but for condi- 
'hero the arch is unsymmetricaUy loaded, the thrust at the crown can- 
horizontal, and, on that account, a dii-oct determmation of the hne of 
ice by this method is impossible. 



Table 143 —Computationb op Moments about Inner or Lower End op Middle Third, and Crown Thrusts 
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Joint of Rupture.—The joint of rupture is that joint which requires 
the largest crown thrust H to prevent opening at its intradosal end. If 
the crown thrusts acting horizontally at the upper third of the crown 
joint, which are necessary to balance the moments of the external 
forces about the lower third points of the several joints, be computed, 
that joint which requires the gi-eatest crown thrust is the joint of rupture, 
and the corresponding thrust is the thrust to be used m the construction 
of the line of resistance 

The extent of the arch which may be analyzed by this static method 
IB from the crown down to the joint at which the line of resistance passes 
out of the middle third of the arch ring, this joint being, in fact, the skew- 
back of the arch Below that joint, the ring is to be considered as a 
part of the abutment. 

Crown Thrust for Joint Rupture.—The total vertical forces as com¬ 
puted are given in Table 142 The moment arm of each of these 
forces or weights, with reference to the seveial origins of moment, is 
measured and entered in Table 143. In the same table are columns 
headed Arms of Vertical Forces, and to the right of these, a senes of 
columns headed Arms of Horizontal Forces. In column 2 will be found 
0.74, which is the perpendicular distance or moment arm of the force, 
or weight, Wi (Fig 155) about the lower-middle-third point of joint 1. 
Similarly, 2 26 is the arm of Wi, about the lower-middle-third point of 
joint 2; 3 66, about the lower-middle-third point of joint 3; 4 90, about 
the lower-middle-third point of joint 4. In the same manner, 0 58 in 
column 3 is the arm of the Avcight Wz about the origin of moments or 
lower-middle-third point of joint 2. 

The horizontal forces as computed are given in Table 142 ' In a 
similar manner os described above, the arms of the horizontal forces, 
hi, hs, etc., are scaled and entered in Table 143. The moment arms of 
these horizontal forces denoted as Ki, JCa, etc , are shown in the tables. 
For example, under column 10 is 0.60, the porjiendicular distance from 
the horizontal force hi to the lower-middle-third point of joint 1; 1 15 is 
the perpendicular distance from the horizontal force hi to the lower- 
middle-third point of joint 2; and so on. 

The value of y, the moment arm of the crown thrust, is found by scal¬ 
ing the drawing (Fig. 164) and is recorded m Table 143. For example, 
0.47 in column IS is tlie perpendicular distance from the crown thrust 
(assumed to bo apjihed at the upper-middlo-thu'd of the crown joint) to 
the lower-middle-third point of joint 1, and so on for the other values to 
the origin of moments of the several joints 

The next step is to find the sum of the moments of all of the vertical 
forces to the right of each of the origins of moments of the various joints; 
for joint I, the moment of the vertical force at the right of that joint 
equals WiXi, for joint 2, the moment of the vertical forces equals WiXi -f 
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w^i] and so on for each of the other joints. The moments of the verti¬ 
cal forces about each of the joints thus found are recorded in column 19 ‘ 

In a similar manner, find the moment of the horizontal forces about 
each joint and record the sum for each joint in column 20. 

The total crown thrust for each joint is then found by adding the 
moment due to the vertical forces and the moment due to the horizontal 
forces and dividing by the lever arm y of the crown thrust. 

Dm + JihK 

^ “ y 

The value of the crown thrust thus obtained is recorded in column 21 
of Table 143. Table 144 is similar to Table 143, with the exception that 
the moments are taken about the outer or upper end of the middle-third 
instead of the inner-third point. 

A comparison of the figures m columns 21 in these tables shows that 
Hz for jomt 8 is less than Hi for joint 4, therefore, the skewback cannot 
be at joint 8 but must be above it, for ^’o must be less than ^2 but greater 
than Hi. It will be noted that Hz for joint 7 is also less than the Hi 
for joint 4, but by so small an amount that we may safely consider the 
skewback to be at joint 7 ^ Smce Hi is greatest at joint 4, the “joint of 
rupture” is nearer that joint than any other and the corresponding value 
of H„ = 17,100 lb. If a larger number of joints had been assumed, 
shghtly different locations of skewback and jomt of rupture would 
probably be found 

Force Diagram.—The maximum crown thrust for the joint of rupture 
has already been found as 17,100 lb To construct the force diagram, a 
horizontal hne is drawn to scale (Fig. 164) to represent the amount of 
the maximum crown thrust as found for joint 4 From the loft end of 
the honzontal hne lay off wi, the first vertical force, vertically down¬ 
ward, and from its extremity lay off hi horizontally to the right. 
Then the hne from the right extremity of hi to the upper end of Wi 
represents the direction and amount of the resultant external force. Pi, act¬ 
ing upon the first voussoir The line Ri, drawn from the origin to the right 
extrenuty of hi or the lower extremity of Pi, represents the resultant 
pressure of the first voussoir upon the one next below it. Similarly, lay 
off Wi vertically downward from the right extremity of hi, and ’ay off fiz 
horizontally to the right, then a line Pa from the upper end of wz to the 
nght end of hz represents the resultant of the external forces acting on 
the second voussoir, and a fine Rz from the origin to the lower extremity 
of Pz represents the resultant'pressure of the second voussoir on the third. 
The force diagram is completed by drawing hnes to represent the other 
values of w, h, P and the corresponding reactions. The succession of 

1 Note The value of xi with lefcrence to joint 1 la different from si with referenoe to 
joint 2 The two valuea of si mentioned in the above paragraph are different by definition 

> The true akewbaok would be found slightly above joint 7, in a looatlon where no joint 
is oBBumed in this disousslon. 
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forces Pi, P 2 , P 3 , etc, is sometimes called the "load line,” as it 
represents the external forces acting on the arch in direction and amount 
in the order of their application, starting from the crown and going 
toward the springing line. The radial lines from the several points on 
this load line to the origin are called the "rays” and represent in 
direction and amount the successive reactions or thrusts of one voussoir 
against the next. 

T ,inft of Resistance.—On the arch section tlirough the several points of 
application of the horizontal and vertical forces, draw the resultant forces 
acting on each voussoir These may be talcen from the force diagi*am. 

To construct the line of resistance, draw through the upper limit of 
the middle third of the crown joint a horizontal line to an intersection 
with the oblique force Pi acting on voussoir 1; and from this point draw 
a line parallel to Pi and prolong it to an intersection with the oblique 
force Pi acting on voussoir 2 of the arch. In a similar manner, continue 
to the springing line. 

On account of the method used, the line of resistance must pass 
through the lower-middle-third point of the joint of rupture. This 
offers a reliable method of checking the accuracy of the work. 

The resultants Pi, P 2 , etc, of the force diagi-am give the resultant 
pressure acting on each joint, and the Ime of resistance gives the location 
of the forces in the masonry at each joint. The thrust, normal to the 
joint, and the shear can be found by resolving the resultant pressure 
into its two components tangent and perpendicular to the center line of 
the arch ring at the pomt in question. This has been done graphically 
in the force diagram (Fig. 164), and the values may be obtamed by scal¬ 
ing the broken lines shown in the diagram. 

Having given the location and amount of the thrust on each joint, 
the stresses for that joint can be computed, as will be explained in the 
latter part of this chapter. 

ANALYSIS OF ARCH BY ELASTIC THEORY 

The method of analysis of an arch based on the elastic theory assumes 
that the arch is held in equihbrium by its resistance to combined com¬ 
pression and bonding, that is, the arch is considered as a curved beam. 
This method is apphcable to all hmgeless arches of variable moment of 
inertia and to any S 3 ^tem of loading, although the work is greatly 
simplified when the loads are symmetrical. As a rule, sewer arohes 
can be considered as being sjonmetrically loaded.^ The method here 
given is that explained by Turneaure and Maurer. 

* For a more eomploto diBoUBsion of the theonoa and methods of analysis than la here 
given, the reader ib referred to M A Howb, "Byrnmotricnl Masonry Arches, "Iha O 
Baxbb, "a Tfoatlso on Masonry Construotion:" Tatlob, Thompson, and Smuiski, 
‘'Concrete, Plain and Reinforced," Vol II, Hoon and Kinnij, "Reinforced Conoretoand 
Masonry Structures," or Tubnbatibb and Maubbib, " Principles of Reinforced Concrete 
Construction " 
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The analysis of an arch consists of the determination of the forces 
acting at any joint, usually expressed as the thrust, the shear, and the 
bendmg moment at such joints The thrust is taken to be the component 
of the resultant parallel to the center line of the arch nng at the given 
point, and the shear is the component at right angles to the latter. The 
thrust causes bending and direct stress, the shear causes stresses si m ilar 
to those produced by the vertical shear in a simple beam. 

Let So = thrust at the crown 

Vo = sheai’ at the crown 

Mo = bendmg moment at the crown, assumed as positive 
when causing compression m the upper fibers 
N, V, and M = thrust, shear, and moment at any other joint 

R = resultant pressure at any joint = resultant of 
N and V 

ds = length of a voussoir of the arch ring measured 
along its center hue 

p = number of voussoirs in one-half of the arch 
I = moment of inertia of any cross-section of arch ring 
w, h, P = the vertical, horizontal and resultant eirternal 
loads on the arch, respectively 
X, y = coordmates of any point on the center line of rmg 
referred to the center of the crown as origin (all 
are positive in sign) 

m = bendmg moment at any point in the half arch 
(Fig 157) due to external loads only (all are 
negative in sign) 

For symmetrical loads, the following equations can be denved: 

p'Smy — 'Lmhy 
(22/)='-pSi/® 

M = _ 

“ V 

Vo = 0 

The above calculations are for the half-arch. 

The total bending moment at any joint is 
M = m -\- Mo + Hoy 

In the following analysis, based on the elastic theory and using 
Tumeaure and Maurer’s method, two cases are considered 

Case I Arch and Side Wall, Rock Foundation —In this case, the 
invert is considered as being separated from the side walls and arch, 
and the elastic structure to be analyzed consists only of the side wall 
and arch This assumes that the base of the side waU is fixed, that is, 
the arch is hmgeless. Such a condition would exist where the sewer 
is constructed m rock cut with the base of the side walls or the invert 
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resting on ledge rock. If the rock extended to a point above the spring¬ 
ing line or horizontal diameter of the semicircular arch, the analysis might 
properly be confined to that portion of the structure above the springmg 
line of the semicircular arch, as the ends could then be considered as 
fixed at that point. 

Case II. Full Ring, Compressible Soil.—This case differs from the 
preceding in that the entire structure, invert included, is considered 
as an elastic monolith and consequently subject to direct stress and 
. bending at every point. Such a condition will be reached if the sewer 
is constructed in compressible soil and acts as a ring Reinforced- 
concrete sewers constructed in sand, gravel, or clay without special 
foundations should be treated under this case. 



Fig. 166.—Forces and notation used in analyds. 

Case I. Arch and Side Wall.—In the following discussion, the 
term “arch” is used to denote that portion of the sewer section from 
the crown to the base of the side wall or the beginmng of the invert. 
One-half of the arch is drawn to some convenient scale, which should be 
sufficiently large to enable all distances to be scaled without appreciable 
error. The arch under consideration is shown in Fig. 166. 

Division of Arch Ring to Give Constant ds/I .—^The first step in the 
analysis is to divide the half-arch into a number of voussoirs of such 
length that the ratio of ds/I will be constant. The following method of 
determining the successive voussoirs of the aroh is taken from Baker. ^ 
While there are a number of other methods which may be used, this is 
one of the simplest. Since the momenta of inertia of the several 
divisions of the arch vary as the cube of the depth, it will be necessary 
to make the divisions in the side wall considerably larger than those 

1 "Treatiae on Maaonry Conatruotlon,” Tenth Edition, 676. 



4d4 


AMERICAN SEWERAGE PRACTICE 


near the crown, and on this account, in order to avoid excessive error, 
the divisions at the crown should be made comparatively small. The 
first step IS to divide the center line of the ring into any number of 
equal parts, in this case 15 Measure the radial depth of the ring at 
each pomt of division, determine the length of each division either by 
dividers or computation, and lay off this length to sc^e on a horizontal 
line, as m Fig 157; divide this line into the same number of equal 
parts as the half-arch, and at each point of division erect a vertical 
equal by scale to the moment of inertia at the corresponding point on 
the arch Although the moment of inertia of any cross-section of the 
arch ring, where reinforced with steel, to be exact should be taken as 
the sum of the moment of inertia of the concrete section plus n times 
the moment of mertia of the steel section, for arches usually designed 
m sewerage practice it will be sufficiently accurate to consider the 
moment of mertia of the concrete section alone, neglecting the steel. 
And smee the moment of inertia is proportional to the cube of the depth 
the latter quantity may be used for the length of the vertical line instead 
of the moment of inertia, as specified above. Connect the tops of these 
verticals by a smooth curve. It may then be assumed that any ordinate 
to this curve is proportional to the moment of mertia at the correspond- 
mg pomt on the arch nng 

To divide the arch rmg mto portions of such length that ds/I shall 
be constant, draw a line ab, at any slope and then a line, be, to form an 
isosceles triangle, continue the construction by drawmg other similar 


Tablb 145 — DrviBiON of Aroh Ring 


AnalysiB 

of 15-ft 6-m. by 16-ft. 2-in horseshoe sewer 

by elastic theory 

1 

2 

3 

4 

1 

2 

8 

4 

Jomt 

number 

Radial 
depth of 
ling “i” 


Values 
of ds 

Joint 

number 

Radial 
depth of 


Values 
of da 

Crown 

0 917 

0 76 


11 

1 48 

8 24 

i.ii 

1 

0 92 

0 78 

0 63 

12 

1 67 

4 66 

1 29 

2 

0 93 

0 80 

0.63 

13 

1 92 

7 09 

1.64 

3 

0 96 

0 88 

0 63 

14 

2 24 

11.22 

1 96 

4 

0 99 

0 97 

0 64 

16 

2 95 

26.06 

6 34 

5 

1 04 

1 13 

0 66 

16 

1 90 

6 86 

4 64 

6 

1 09 

1 30 

0 69 

17 

1 71 

5 00 

1.92 

7 

1 16 

1 52 

0.75 

18 

1 61 

3 44 

1 21 

8 

1 21 

1 77 

0 80 

19 

1.30 

2 20 

0.98 

9 

1 28 

2 10 

0 88 

20 

1 12 

1 41 


10 

1 36 

2 46 

0 98 

Invert c 

1 00 

1 00 



Note that this table mcludes figure for jomts 10 to 20, required in the 
study of Case IL • 
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isosceles triangles as shown This divides the arch ring into a number 
of parts of such length that each part, divided by the moment of mertia 
at its center, is constant, that is, ds/I = 2 tan a, in which o is the angle 
between the sides of the isosceles triangle and the vertical. 

In Table 145 are given the values used in the above computations 
for the division of the arch ring. 

It 18 not necessary that a point of division shall fall exactly at the 
end of the horizontal line, but m most cases, the designer makes a few 
trials until a division does fall at that point An adjustable angle or 
protractor will be found of considerable assistance in subdividing the 
arch ring m this manner. 

Conditions —^The sewer section shown is assumed to be subject to an 
earth fill of 24 ft. above the top of the sewer. The weight of the earth 
filling is assumed to be 100 lb. per cubic foot, and the angle of repose is 
taken as 30 deg. It is further assumed that the sewer is to be con¬ 
structed in rock cut with the side walls and mvert resting directly on 
rock foundation. 

Vertical Forces .—The vertical forces assumed are the weight of the 
masonry and the weight of the prism of earth above.^ For purposes 
of analysis, the weight of the masonry can usually be omitted, where 
the vertical load, or the depth of earth fill, above the arch is very 
large. The vertical pressure of the earth above the arch is assumed to 
be the dead weight of the prism of earth, in width equal to the horizontal 
projection of the extrados of each voussoir, and in depth equal to the 
distance from the surface of the ground to the center of the extrados 
of each voussoir. In case the dead weight of the masonry is used, this 
can be added to the weight of the earth and the resultant pressure 
apphed at the center of the extrados of each voussoir. 

The depth, vertical intensity, honzontal projection of the voussoir, 
and total vertical load are tabulated in Table 146, columns 2 to 5 inclu¬ 
sive. Also, the vertical forces are shown graphically m then respective 
locations in Fig. 167. 

Horizontal Forces —If we assume the angle of repose equal to 30 deg., 
the intensity of the horizontal earth pressure will be one-third of the 
mtensity of the vertical pressure at any pomt. The horizontal earth 
pressure is assumed to act on each voussoir on a width equal to the 
vertical projection of the extrados. The values of the horizontal 
intensity of the earth pressure, the vertical projection of the voussoir, 
and the total horizontal load are given in Table 146, columns 6, 7, and 
8, and the horizontal loads ore shown graphically in Fig. 167. The 
horizontal pressure may be assumed to act at the center of the axis for 
each voussoir without material error in the final results. 

> Sqb caution on p. 486, 
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In columns 9 and 10 are given the successive sums of the vertical and 
horizontal loads, respectively, at each of the voussoirs These figures 
will be used later m the calculation of the moments at the different 
points 

The coordinates of the center points of each voussoir, x and y, referred 
to the center of the crown as the origin, are shown in columns 11 and 12, 
and the values of in column 13 Column 14 gives the values of the 
differences between the successive coordinates, as, for example, (aju ~ 
ici), (ajs — ajo), etc, and column 16 gives the differences between the y 
coordinates in a similar manner, as, for example, ( 2/2 — vO, iVi ~ Vs) 
etc 

Bending Moments —The bending moments (all negative) shown in 
column 2 of Table 147 are computed as follows 

mi = 0 

ma = wi(xi — aii) + hi(yt — 2 / 1 ) = (1,610 X 0 04) -f- 

(24 X 0.03) = 1,031 

mi = ma + ZW 2 (zi — Sa) + SAa(2/i — Vi) = 1,031 -f- 

(3,197 X 0 63) + (80 X 0.12) = 3,064 
mi = mg + 2w3(zi — Xa) + SAi(yi — ya) = 3,064 -f- 

(4,791 X 0 60) + (177 X 0 13) = 6,965 
mg = mi + Si4>i(Ta — Si) + Zhi(yB — j/i) = 6,956 + 

(6,419 X 0 64) + (323 X 0.19) = 10,120 
mg = mg + 211 ^ 6 ( 1:0 — Sg) + Shaiva — yi) = 10,120 -f- 

(8,035 X 0.62) + (611 X 0.24) = 15,220 
m = TTlg + 2w)o('r7 — Xa) + 2/ia(?/7 — J/a) = 15,220 -f- 

(9,669 X 0 62) + (760 X 0 33) = 21,470 
mg = m 7 + 2!ti7(sg — 17 ) + 3 ^ 7 ( 2 /! — 2 / 7 ) = 21,469 -f- 

(11,399 X 0 67) + 1,069(X 0.40) = 29,630 
mg = mg + ^Swaixa — Sg) + '2ha(ya — Vs) = 29,630 + 

(13,234 X 0 67) + (1,476 X 0.61) = 39,140 
mio “ mo + 2 ^ 0 ( 1:10 — 1 : 0 ) + ^ht(yia — 2 / 0 ) “ 39,140 + 

(16,107 X 0 67) + (1,978 X 0.62) = 60,490 
mu = mio + 2wio(sii — sio) + 2 / 110 ( 2/11 — 2 / 10 ) “ 60,490 + 

(17,027 X 0.69) + (2,609 X 0 80) = 04,303 
mil = mu + 2u)u(a:ia — Su) + S/iu(2/ia ~ Z/ 11 ) “ 64,330 + 

(19,035 X 0.66) + (3,462 X 1.01) = 80,200 
mig — mia + 2«)ia(a:ia — * 12 ) + sAia(2/i3 — Vn) = 80,200 + 

(21,036 X 0.68) + 4,687 X 1 29) = 08,320 
mil = mig + 2Wig(sii — Sia) + 2 / 113 ( 2/11 — Via) “ 98,320 + 

(22,801 X 0.40) + (6,143 X 1.71) = 117,940 
mig = mu + 2Wii(sig — Su) + 2/iii(2/ig — 2 / 14 ) = 117,940 + 

(23,913 X 0 12) + (8,366 X 3.60) - 161,430 
mia = mig + 2Wig(su — sig) + 2/iig(2/ig — 2/i«) “ 151,430 + 

(26,794 X -2 26) + (14,671 X 3.73) = 148,120 
mi 7 *= mio + 2i0ig(si7 — aJia) + S/iia(2/i7 — Via) = 148,120 + 

(11,290 X -8.17) + (16,471 X 0.78) - 126,170 
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JWiB = mi 7 + Sw;i7(a:i8 — * 17 ) + SAirCj/is — yvt) =* 126,170 + 

(6,140 X -1 63) + (16,471 X 0.37) = 121,876 
WiB = mil + 21u;i8(a:io — a:iB) + SAiB(t/io — 2 /ib) = 121,876 + 

(2,920 X -108) + (16,471 X 0 20) = 122,019 

Computations for mu to mu are for Case II. 

The summations wi wi -{■ wi and hi -t- hi + hi, etc., are taken 
from columns 9 and 10 (Table 146). The difference between the x and 
y coordmates, as {xi — Xi) and {yi — j/i), are taken from columns 14 and 
15, respectively, of the same table. 

Forces at Crown .—The next step in the analysis is to find the crown 
thrust, which can be obtained from the equation previously given. The 
values of Stti, Stmt/, Sj/, and Si/® are given m colu m ns 2 and 3 of Table 
147 n.Tid columns 12 and 13 of Table 146. 

_ pSmy - S7nS2/_ 15(-3,963,046) - (-688,230 X 40.63) 

Ho - (2y)2 - pSi/® (40.63)® - 15 X 254.23 

Ho = 14,562 lb. 

In the above equation, p = the number of divisions in the half-arch. 

The bending moments at the crown can also be obtained by the 
equations already given, as follows. 

Sm -b HoSy -688,230 + 14,562 X 40 63 
M(l= — = — IK 

p 15 

Ma = +6,438 ft. lb. 

The values of the crown thrust Ho multipbed by the values of y, are 
computed and tabulated in column 4, Table 147. 

From the data thus obtained, the total bending moment for each 
voussoir is computed from the formula given in a previous paragraph, 
as follows: 

M = m + Mo + Hay 

Ml = mi + Mo + Hoy I = 0 + 6,438 + 146 = +6,584 
Ma = ma + Mo + HoVi = -1,031 + 6,438 + 583 = +5,990 

The results are recorded in column 5 (Table 147). 

Force Diagram —^The value of the thrust and shear at any point can 
be obtamed from the force diagram by graphical methods, as discussed 
on p. 491. 

Line of Resistance .—^The line of resistance, or diagram showing the 
hne of pressure on the arch, is drawn by the aid of the force diagram, as 
was discussed on p. 491. The crown thrust acts, for a symmetrically 
loaded arch, m a horizontal direction, and the point of application is at 
a distance above center hne of the ring at the crown equal to Mo/Ho = 
Xo, the eccentric distance, if Mo is plus, and below the axis by the same 
amount if Mo is minus. These values are recorded in column 7, Table 
147. For the example at hand 
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Mo _ "i” 6,438 
ITo ~ 14,662 


+0 442 ft. 


This distance is then laid off vertically above the center line at the 
crown, and the resultant crown thrust is drawn through this point to its 
intersection with the resultant external force acting on the first voussoir. 
From this point of mtei-section di-aw a line parallel to Ri, taken from the 
force diagram, and prolong it to an intersection with the obhque force 
acting on voussoir 2. In a similar manner continue by takmg the ‘ ‘ T&ya' ’ 
from the force diagram and prolong each to its intersection with the next 
oblique force acting on the arch The resulting succession of hnes is 
called the "line of resistance,” or the “line of thrust” for the arch The 
amount of each thrust, that is, the true thrust parallel to the center line 
of the ring should be scaled from the force diagi’am and the amounts 
recorded in column 6 of Table 147 

For positive moments, and, therefore, positive values of Xo, the line of 
thrust hes above the center line of the rmg. The amount of the eccen¬ 
tricity IS shown graphically on the diagram by the distance from the 
center line to the point of application of the thrust, which is the inter¬ 
section of the hne of resistance with a joint at the pomt under considera- 


Tablid 147. —Bending Moments, Thrusts, and Shears. Case I 
Analysis of 16-ft. Q-in by 15-ft. 2-m horseshoe sewer by elastic theory 


1 

2 

3 

4 

6 

0 

7 

8 


Bending 

moment, 

m 



Total 


Eooon- 


VouBBOir 

niimbor 

my 

Bay 

bending 

moment, 

foot-pounds 

Thrust, 

pounds 

tne diB- 
tanee, 
feet 

Shear, 

pounds 

1 

0 


140 

-F0,684 

14,660 

-fO 46 

1,100 

2 

-1,031 

-41 

683 

H-5,000 

14,720 

-1-0 41 

1,660 

3 

-3,064 

-480 

2,330 

+C.714 

14,900 

-1-0 38 

2.000 

4 

-6,066 

-1,720 

4,223 

1-4,700 

16,400 

-1-0 31 

2,600 

6 

-10,120 

-4,860 

6,000 

-1-3,308 

16,000 

-1-0 21 

2,900 

0 

-16,220 

-10,060 

10,400 

-1-1,708 

10,630 

4-0 10 

3,200 

7 

-21,470 

-22,640 

16,200 

-1-268 

17,330 

4-0 01 

3,600 

8 

-20,630 

-42,820 

21,110 

-1,083 

18,210 

-0 11 

3,600 

0 

-30,140 

-76,710 

28,640 

-4,162 

10,330 

-0 22 

3,600 

10 

-60,400 

-130,300 

37,670 

-0,482 

20,600 

-0 32 

3,200 

11 

-04,330 

-217,400 

40,220 

-8,072 

21,800 

-0 40 

2,000 

12 

-80,200 

-362.100 

63,030 

-0,832 

23,210 

-0 42 

1,300 

13 

-08,.320 

-668,600 

82,710 

-9,172 

24,300 

-0 38 

660 

14 

-117,040 

-871,000 

107,010 

-3,802 

24,600 

-0 10 

3,200 

16 

-101,430 

-1,073,000 

160,010 

-1-16,918 

26,800 

-fO 62 

110 


-083,230 -3,063,040 

Sm ™ Smy 


tion. After the line of resistance has been drawn, the computed values 
of the eccentricity can be checked by scaling the distances from it to the 
center line of the arch rmg. While it is not necessaiy to draw the “hne 
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of resistance” in order to obtain the fiber stresses, it is usually well to do 
so m order to check the arithmetical work. It is to be noted that the 
graphical solution is not a thorough check on the work, since the line of 
resistance depends on the values of ilo and ilfo for its start, and certain 
errors made before determining Ho and Mo vnU not show up in the graph¬ 
ical solution. 

It should be borne in mind that the line of resistance as thus deter¬ 
mined IS only approximate As the number of subdivisions of the ring 
is mcreased, the line of resistance approaches the true line of resistance 
which is a curve. The exact values of the eccentricity Xo are the 
distances between the center line of the ring and the curve of resistance, 
measured on a joint at the center points m question For practical 
purp'oses, the hne of resistance as determined is sufficiently accurate. 

Case n. Full Ring.—In the precedmg analysis, the invert of the 
rmg was considered as separated from the side waU, but under Case II, 
the entire structure will be analyzed The same assumptions as to 
vertical and horizontal forces acting on the arch and side wall are made, 
and in addition it is assumed that there are vertical forces acting 
upward on the invert equal in amount to the total downward vertical 
forces and uniformly distnbuted over the invert (see Fig 157). The 
upward vertical force actmg on voussoir 16 is combined with the vertical 
(downward) and horizontal components of the earth pressure acting on the 
left side of the voussoir producing the oblique resultant force os shown 
Division of Arch to Make ds/I Constant .—The chief disadvantage of 
this method as apphed to Case II lies in the necessity of dividing the 
arch according to a prescnbed ratio. This usually requires careful 
mampulation and repeated tnals to subdivide the side wall and invert 
in order to obtain smtable divisions. It can be done as Fig. 157 shows, 
and in the example at hand no great difficulty was experienced. Vous- 
soirs 15 and 16 are, however, somewhat larger than is desirable for 
divisions where large thrusts, bending moments, and shears occur. 

The method of dividing the axis is the same as described under Cose I. 
Computations —^The remainder of the computations are made in 
the same manner as for Case I. New values of Ho, Mo, and Xo are 
computed, using the summations from voussoir 1 to 19 inclusive instead 
of from 1 to 15 mclusive, as m Case I. For convemence, the values 
for pomts 16 to 19 have been included with the others in Table 146. 
The computations of the bending moments for jomts 16 to 19 were 
given with those arismg under the assumptions of Case I. 

New values of Ho, Mo, and xo are found from the formulae as before, 
usmg the summations from voussoirs 1 to 19 mclusive, as follows: 

^ _ pZmy - 'Lm'Ly _ 19(-12,009,546) - (-1,205,414 X 103.03) 

" {fLyY - p'Zy^ (103 03)® - (19 X 1,228.73) 

Ho = +8,170 lb. 
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- 


2m + HoZy ^ _ T-1,206,414 + (8,170 X 103.03)] 
pi 19 J 

Mo = + 19,140 ft-lb 

= W70 

With the above values, a new force diagram is drawn (Fig, 157) and 
also a new hne of resistance, following the same method as for Case I 
The computations for the bending moments, thrusts, shears, and 
eccentnc distances are given in Table 148 
A comparison of the lines of resistance or hnes of thrust for the two 
cases shows plainly that the bending moments are greatly increased 
by the addition of the invert as part of the elastic structure 

Having given the amount and point of application of the normal 
thrust for any joint, the resulting fiber stresses can readily be computed. 
The method of making these computations will be described later. 

Table 148.— Bending Moments, Thrusts, and Shears —Case II 
Analysis of 15-ft. 6-m. by 15-ft. 2-m Horseshoe Sewer by Elastic Theory 


1 

2 

3 

4 

6 

0 

7 

8 

VOUB- 

Bending 


Hov 

foot- 

pounde 

Total 


Eooen- 


soir 

moment 

my 

bending 

Thrust, 

trio diB- 

Shear, 

num¬ 

m, 


moment, M 

pounds 

tanoe, 

poimda 

ber 

foot-pounds 


foot-pounds 


feet 


1 

0 

0 

82 

10,222 

8,200 

+ 2 36 

1,300 

2 

-1,031 

-41 

327 

18,430 

8,400 

-1-2 20 

2,260 

3 

-3,064 

-480 

1,307 

17,303 

8,700 

-1-2 00 

3,200 

4 

-6,066 

-1,720 

2,370 

16,666 

0,210 

+ 1 60 

4,200 

6 

-10,120 

-4,860 

3,020 

12,040 

0,870 

-f-1 31 

6,000 

6 

-16,220 

-10,060 

6,880 

0,800 

10,670 

-1-0 02 

5,800 

7 

-21,470 

-22,640 

8,680 

6,260 

11,680 

-fO 636 

6,000 

S 

-20,630 

-42,820 

11,860 

1,460 

12,020 

-HO 11 

7,200 

0 

-30,140 

-70,710 

16,010 

-3,000 

14,400 

-0 28 

7,600 

10 

-60,400 

-130,300 

21,000 

-10,260 

16,070 

-0 64 

7,800 

11 

-04,330 

-217,400 

27,610 

-17,680 

18,030 

-0 08 

7,700 

12 

-80,200 

-362,100 

36,860 

-26,180 

20,120 

-1 26 

6,060 

13 

-08,320 

-668,600 

46,400 

-32,780 

22,180 

-1 48 

6,000 


-117,040 

-871,600 

60,380 

-38,420 

23,070 

-1 62 

3,200 

I 

16 

-161,430 

-1,073,000 

00,280 

-42,010 

26,704 

-1 63 

6,600 

16 

-148,120 

-2,180,200 

120,760 

- 8,230 

10,600 

-0 78 

0,100 

17 

-126,170 

-1,047,600 

127,130 

-f-21,10O 

0,400 

-t-2 26 

4,100 

18 

-121,876 

-1,041,600 

130,160 

-F27,416 

8,660 

-1-3 17 

1,000 

10 

-122,010 

-1,008,200 

131,780 

-1-28,001 

8,200 

-1-3 63 

760 


-1,206,414 

-12,000,646 
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ANALYSIS OF ELASTIC RING BY METHOD FOR INDETERMINATE 

STRUCTURES 

If the sewer is constructed in compressible soil or under any conditiohs 
where it is not correct to assume that the ends of the arch are fixed, the 
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whole sewer section must be considered as an elastic structure subject 
to deformation. 

The determination of the line of resistance is based on the method for 
computmg statically indeterminate stressee in an elastic structure. 
This method has been ably discussed by Prof. C. W. Hudson m his 
“Deflections and Statically Indeterminate Stresses,” on which the 
following discussion has been based. The authors desire to acknowledge 
the assistance of Arthur W. French, Professor of Civil Engineenng, 
Worcester Polytechnic Institute, in applying this method to the analysis 
of sewer sections and in preparing the following notes and computations. 
In analyzing the ring two cases are considered 

Case I. Arch and Side Wall, Rock Foundation.—In this case, the 
same assumptions are made for the honzontal and vertical loads as in 
Case I of the previous method It is also assumed that the thrust in 
the aide wall goes directly into the foundation and the invert serves 
only as a tie or strut to space the walls, carrying none of the vertical 
reaction In this case, the elastic deformation of only the semicircular 
arch and the side waU is considered. This method is the same in 
theory as the analysis for the elastic arch previously given but differs 
in method because, in the latter, the arch nng is divided so as to make 
ds/I constant, while the method described in the foUowmg pages has 
no restriction on the length of the voussoirs. 

Case II. FuU Ring, Compressible Soil.—In this case, the elastic 
deformation of the whole sewer ring is taken into account. There is 
no assumption that the ends are fixed, for the material taken symmet¬ 
rically on both sides of the center of the iuvert is acted upon by direct 
stresses and bending moments (see Fig. 158). The study section, 
instead of acting as a cantilever beam, as in Fig. 156, acts as an elastic 
ring (Fig 158). Vertical and horizontal earth pressures are assumed to 
act on the semicircular arch and side walls, and the upward pressure on 
the bottom is assumed to be umfonnly distributed over the bottom and 
equal in total amount to the sum of the downward vertical forces Such 
a distribution of the upward forces seems to be a reasonable assumption 
if the sewer is constructed on yielding or compressible soil, and at any 
rate it imposes more severe conditions than the assumption that the 
upward forces are distributed with greater iatensity near the side walls. 

There should be but little difference m the hnes of resistance derived 
from the method given by Turneaure and Maurer and from that 
described in the following paragraphs. Some differences occur, how¬ 
ever, due to the different lengths of voussoirs into which the ring ia 
divided and the resultmg difference in the position of the loads. The 
results by either method are probably sufiSciently accurate, considering 
the uncertainties of loading, earth pressures, etc. 
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Case I. Arch and Side Wall.—In the anals^a of Case I, only vous- 
soira 1 to 9 incluaivo are used Thia part of the ring is kept in equihb- 
rium by the external loads, the reaction at the base of the side wall, and 
the thrust, shear, and moment at the crown. Since 7o is zero for a 
symmetrically loaded arch, the values of and Mo at the crown 
remain to be found. 


Let Ho = thrust at the crown (Fig 168) 

Vo = shear at the crown 
Mo = bending moment at the crown 
m >= bendmg moment at any joint due to the external loads 
on gne side of the section, the rmg being considered as a 
curved beam; negative m sign for left-hand half of arch 



Pig. 168.—Forces and notation used in analysis. 

N, F, and M = thrust, shear, and total moment at any jomt 

ds = length of a division of the arch nng measured along the 
arch axis 

I = moment of inertia of any section, determined at the center 
Wf h, P = the vertical, horizontal, and resultant external forces, 
respectively, acting on the voussoir 
B = the resultant pressure at any jomt 
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X, y = coordinates of any point on the center line of the ring 
referred to the crown as ongin (all considered as positive 
in sign) 

= moment at any joint due to 1 lb acting vertically at O 
TUx = moment at any jomt due to 1 lb actmg horizontally at O 
diy = vertical deflection of 0 due to 1 lb. acting vertically at O 
dia = honzontal deflection of 0 due to 1 lb acting vertically 
at 0 

dia = angular change of face at 0 due to 1 lb. actmg vertically 
at 0 

diy = vertical deflection of 0 due to 1 lb actmg horizontally 
at 0 

dix = honzontal deflection of 0 due to 1 lb. actmg horizontally 
at 0 

dsa = angular change of face at 0 due to 1 lb actmg horizontally 
at 0 

dtv = vertical deflection of 0 due to 1 ft.-lb. bendmg moment 
at 0 

du = honzontal deflection of 0 due to 1 ft.-lb. bendmg moment 
at 0 

dta = angular change of face at 0 due to 1 ft -lb bending moment 
at 0 

Au = vertical deflection of 0 due to external forces 
A* = honzontal deflection of 0 due to external forces 
Ao = angular change of face at 0 due to external forces 

Assume deflections to the left and downward as having a positive sign, and 
deflections m the opposite direction as negative Assume that revolutions 
or angular changes of face at 0 m a counter-clockwise direction have a 
positive Sign 

EQuatwns Ikom the fact that the vertical, horizontal, and angular 
deflection of the right and left faces of the crown jomt must be identical, 
the three foUowmg equations can be denved 

+ Aj -j- "Vodly Hodly -b Modly = +Ay — Vod\y -|- Hgd^y M(jdly 

~A» — Radix — M,dix = +A* + Radix + Modix 

— Ao — Radio, — Modia = +Ao + Radio + Media 

From the first equation, we obtam Vo = 0, and on that account it has been 

omitted m the second and third equations. 

From the second and third equations the following values can bo obtained: 

^ Axdsa ~ Aadia 
diadix — daodao 

^ ^ dxdia Aadix 
diadix — dixdia 

Considering only the deflections needed for the solution of equations for 
Ho and Ma, their values may be computed from the formulas 



u 
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Ao 

A. 

dia 


diz 


UBed^ afl = S 
El 

Smmi used! as 
Ji/i 

1 ^ da j, ^ ds 

dsj = used^ as = Sm*— 

Jil " 


' Noth. Since m la 
negsftive for left 
^ - half of arch, Aa and 
Zmmx^ Ax are negative in 
sign. 


^ds ,, „da 

^EI' ^ = V 


whore 

t = thickness of masonry rmg at the center of any voussoir 
M = m + Mo + HoV 

In the above formulas for Ho and Jlfo, each expression represents the sum¬ 
mation of the values mdicated for the several divisions of the arch under 
consideration 

Dtmaion of Arch Ring —The first step m the analysis is to draw the half- 
sewer section of suitable size to allow the soalmg of various dimensions and 
forces with sufficient accuracy This is shown in Fig. 159. The center line, 
shown dotted, is divided uito a number of divisions which, for convenience, 
may be approximately equal, although tins is not necessary. By this 
method, it is not necessary to subdivide the center hne into such divisions 
that da/I shall bo constant, as in the method previously described. This 
has the advantage of allowing tho side wall and invert to be divided mto 
voussoirs convenient for computation, and, especially at the junction between 
the side wall and mvert, it mokes it possible to determine the bending 
moment with greater accuracy 

Computations .—Tho radial thickness of the masonry rmg at the center of 
each voussoir is then scaled from the drawmg and recorded m column 2 of 
Table 140. The cube of the thickness for each voussoir is recorded in column 
3, and tho length measured along the center lino of the arch is recorded 
in column 4. Column 5 gives tho values, for each voussoir, of ds/f®, which is 
equivalent to dso. 

In columns 6 and 7 of Table 149 are given the coordmates of the center 
point of each voussoir, the x coordinate being measured honzontally from 
the crown and the y coordinate being measured vertically from the center ot 
the voussoir to the center of the crown jomt 

In column 8 are given values of ma, the moment at the center of each 
voussoir, due to a force of 1 lb. acting honzontally at the crown This is 
equivalent to 1 lb multiplied by the y coordinate at each center pomt. 

Column 9 gives the values of m\, and column 10 tlie values of which 
wiU bo required later for tho values of d^x. Column 11 gives the values of 
which will give the values of dza and its equal, di* 

1 In the oomputations for Uo and Mo, after oanoellation of oonetanta appeanng in both 
numerator and denominator. 
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External Forces —Table 160 ehowB the computations for the external forces 
which are made in the same manner as the computations for the vertical and 
horizontal forces described under the analysis of the elastic arch (see Table 
146). The sewer section shown m Fig 159 is the same as used for the 
analysis of the elastic arch shown m Fig 167 The depth of earth fill over 
the extrados at the crown is assumed to be 24 ft, the unit weight of earth 
bemg 100 lb. per cubic foot and the angle of repose, 30 deg 


Table 149 — Computations op External Forces and Moments 
Analysis of 16-ft 6-m by 16-ft 2-in horseshoe sewer by method for 
mdeternunate structures 


1 

2 


3 

4 
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7 
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da 
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No 
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(d 

3a ) 1 



pounds 



(dix) 

di, du 
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T, ft 1 

V, 
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31.864 
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1 94 
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3014 2 
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299 7 43 14 
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14 

69 
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8680 

03 660 

4.303 

11 

1 62 

4 

2616 2 

18 

0 

613 6 32 16 

07 

16 

07 

227 

1060 

110.600 

7 732 

12 

1 36 

2 4604 2 

IS 

0 

886 3 20 16 

66 

16 

66 

241 

8020 

214 260 

13 777 

13 

1 06 
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1676 2 

IS 

1 

883 1 07 16 

03 

16 

03 

266 

9610 

483 860 

30.186 






16 

CD 







1,076 014 

87 021 


As the method of computing the data given m Table 160, has already been 
explamed, it will not be repeated here 
Computation of Partial Bending Moments. —In column 11, Table 160, are 
given the values of the differences of the coordinates, as, for example, 
(xa — aji), (xi — xa), etc Column 12 gives the differences of the y coordi¬ 
nates Column 13 shows the bondmg moments (all negative) of the external 
loads computed for each voussoir os follows • 

mi = 0 

mi = Mi(xa - xi) + hiivi - j/i) = (6,476 X 2.09) + (224 X 0.64) = 

11,663 

mi =» mi + 2w;a(xj — Xa) + 2 /ii(j /3 — J/s) = 11,663 -b 

(10,725 X 1 91) + (912 X 1.08) = 33,033 
m< » m, + 2iu,(xi - x.) + - y,) = 33,033 + 

(16,466 X 1.59) + (2,067 X 1.60) = 60,723 



Table 150.— Computationh op External Forges and Moments 
Analyais of 15-ft. 6-m. by 15-ft. 2-in. hoiseshoe sewer by method for indeterminate structures 
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mi = TWi + Hwiixs — Xi) + "Shiiyi — y*) = 60,723 -i- 

(19,446 X 1.08) + (3,682 X 1.88) = 88,646 
mi = mi + "Zwiixi - xi) + lihiiyi — yi) = 88,646 + 

(22,336 X 0 60) + (5,762 X 2 09) = 114,060 
rm =7716+ 'SWa{x 7 — Xi) + "Shiiyi — I/e) = 114,060 + 

(23,726 X 0.10) + (8,192 X 2 11) = 133,717 

7718 = ttit + 'Svhixa — Xi) + Philya — Vi) = 133,717 + 

(24,636 X 0 02) + (10,662 X 2 02) = 156,627 

7719 = ?7ia + 2t/78(a:# “ + "^haiVa — yi) = 155,627 + 

(26,392 X 0) + (13,172 X 2 02) = 182,137 

TTiio =7718+ Su79(iCio ” Xa) + S/ie(2/io — I/e) = 182,137 + 

(26,447 X -1 05) + (16,612 X 1 27) = 175,339 
TTiii = TTiio + 31 / 710(111 — iio) + SAio(l/ii — I/io) = 175,339 + 

(17,747 X -2 11) + (16,612 X 0 48) = 146,815 
TTZia = 77111 + Su7ii(a;ij — Sii) + S/iii(2/ia — I/ii) = 146,816 + 

(11,987 X -2.12) + (16,512 X 0.48) = 128,331 
77113 = TTiia + Sii7ia(a;i3 “ sJia) + SAia(l/i3 — I/ia) = 128,331 + 

(6,197 X -2 13) + (16,612 X 0.48) = 123,067 
mint = mil + SioiiCxin, — iis) + SAi3(i/,„fl — i/is) = 123,067 + 

{ox - 1 08) + (16,512 X 0.10) = 124,708 


From the values of the moments given m column 13, Table 150, and 
the data m columns 6 and 11, Table 149, the values of Ao and A*, shown m 
columns 14 and 15, of Table 160, can be computed 

Crovm Thrust —From the data at hand it is now possible to compute 
the value of Ho, the crown thrust, from the formula previously given, 
Adia-Aada, _ -(3,078,253 X 11.848) + (527,465 X 31.864) 
“ daadj, - di^dao ~ (31.864 X 31.864) - (197.754 X 11.848) 


Ho = +14,810 

Moment at the Crown —The moment at the crown. Mo, can also be 
computed from the formula already given, as follows: 
w _ A,d2„ - Aodu ^ -(3,078,263 X 31.864) + (627,456 X 197 764) 
“ dsada, - da.dao (11 848 X 197.764) - (31.864 X 31.864) 

Mo = +4,680 

Eccentricity at the Crown .—From the values just computed, the 
eccentricity at the crown, Xo, can be obtained as follows* 


^ ^ +4,680 
Ho 14,810 


0 316 ft. 


If Jlfo IS positive, the value of Xo will also be positive and the distance Xo 
from the center line to the point of apphcation of the crown thrust should 
be measured vertically upward If, on the other hand, the value of 
Mo is negative, the correspondmg value of the eccentric distance Xo will 
be negative, and the eccentric distance should, in that case, be measured 
vertically downward. 

The total bendmg moments M at each center point can now be 
computed from the formula 
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M = m Mo + HoV 

Column 3, Table 161, gives the values thus obtained The fact should 
be borne in mind that for the left half of the structure (the half con¬ 
sidered in this analysis) the values of the bending moment m aU have a 
negative sign. 


Table 161.— Bending Moments, Thrusts, and Shears—Case I 
Analysis of 15-ft. 6-m. by 16-ft 2-in horseshoe sewer by method for 
indeterminate structures 


1 

2 

3 

4 

5 



Total 


Vouflfloir 

number 

HoV, 

foot¬ 

pounds 

bonding 

moment, 

foot¬ 

pounds 

Thrust, 

N, 

pounds 

Eooentno 

distance, 

feet 

Crown 

1,180 

+ 4,680 

14,840 

-1-0 32 

1 

+ 6,860 

16,120 

To 30 

2 

g.lDO 

+ 2,307 

10,830 

To 14 

3 

26,190 

- 3,103 

10,400 

-0 16 

4 

47,400 

- 8,043 

22,000 

-0 30 

6 

76,300 

- 8,006 

24,000 

-0 30 

6 

100,200 

- 3,180 

24,400 

-0 13 

7 

137,400 

-1- 8,303 

24,636 

+0 34 

8 

107,400 

16,663 

26,300 

To.66 

g 

107,300 

-1-10,843 

20,460 

To 76 


6 


Shear, 

V, 

pounds 


3.600 

4.700 
4,060 
3,300 

760 

2,800 

4,200 

1.600 

1.700 


Force Diagram —From the data at hand, the force diagram can be 
constructed m the same manner os described under the analysis of the 
elastic arch. The stress at the crown, Ho = -b 14,810, is laid off on a 
horizontal line, os shown m Fig 159, and the load Ime of the external 
forces constructed, from wluch the resultants, thrusts, and shears can be 
obtained. The thrusts and shears are entered in columns 4 and 6 of 
Table 161. 

Line of Resistance .—The Ime of resistance can now be constructed in 
the same manner as described under the analysis by the elastic theory. 
The crown thrust is located at a distance from the center line equal to the 
eccentric distance already found, or 0 316 ft. This distance is laid off 
vertically upward from the arch center Ime at th!e crown and the crown 
thrust is extended to its intersection with the first oblique external force 
acting on voussoir 1 of the arch. The remainder of the line of resistance 
can be constructed in accordance with the analysis by the elastic theory 
already described. 

As previously stated, it is not necessary to draw the hne of resistance in 
order to obtain the stresses at the various points but it is usually advis¬ 
able to do so in order to obtain the advantage of checking the algebraic 
work by scaling the eccentric distances from the diagram, for comparison 
with those computed and recorded in column 6 of Table 161. If these 
distances, or any one or more of them, do not check with reasonable 
accuracy, the computation should be mspected for possible errors. 
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The check is not absolute, however, as explained under the previous 
method. 

Case n. Full Ring.—^The haJinsection shown in Fig. 159 may be 
considered as a curved beam acted upon by the known external loads and 
the unknown values of Ho, Vo, Mo. If these three unknown forces are 
determmed, the resultant force acting at any jomt may be found, either 
analytically or graphically. 

AJia - Aods, _ -(10,453,553 X IS 429) + (1,000,140X87.921) 
” dtods* - di^dia (87921 X 87.921) - (1,076 014 X 16.429) 

Ho = +8,260 

w _ AJio -Aadta _ -(10,453,553X 87.921)+ (1,000,140X1,076.014) 
“ dsod*. -ds-dja (16.429 X 1,076.014) - (87.921 X 87.921) 

Mo = +17,700 


The eccentric distance is obtamed as before. 


Mo _ 17,700 
Ho 8,260 


2.14. 


Table 162.— Bending Moments, Thbusts and Shbaub—Case II 
Analysis of 15-ft. 6-in. by 15-ft 2-m horseshoe sewer by method for 
indetemunate stmctures 


1 

2 

3 

4 

6 

6 



Total 




VOUBBOIT 

number 

HoV 

foot¬ 

pounds 

bending 

moment, 

M, foot¬ 
pounds 

Thrust, 

N, 

pounds 

Eooontrio 

distance, 

Xo, 

feet 

Shear, 

V, 

pounds 

Crown 


17,700 

8,260 

+2 14 

0 

1 

660 

18,360 

8,670 

4-2 11 

4,400 

2 

6,120 

11,267 

10,760 

4-1 04 

7,200 

3 

14,060 

- 1,283 

14,200 

-0 10 

8,600 

4 

26,410 

-16,613 

18,000 

-0 03 

8,600 

6 

41,000 

-28,066 

21,400 

-1.36 

6,760 

e 

60,200 

-37,160 

23,400 

-1 60 

3,700 

7 

76,660 

-30,367 

24,600 

-1 60 

2,300 

8 

03.400 

-44,427 

26,400 

-1 76 

6,000 

e 

110,000 

-64,437 

26,450 

-2 00 

8,250 

10 

120.600 

-37,130 

12,100 

-3 08 

16,600 

11 

124,600 

- 3,616 

10,800 

-0 34 

0,850 

12 

128,600 

+ 17,860 

0,480 

+ 1 87 

4,200 

13 

132,400 

+27,043 

8,100 

-1-3 33 

1,800 

Invert 

133 260 

+26,242 

8,260 

4-3 18 

0 


A force diagram can now be constructed, using the same load line 
as before (Fig 169). The value of Ho, the horizontal thrust at the 
crown, will be different, and on that account the length and direction 
of the rays will be different. 

From this force diagram, another line of resistance can be laid out on 
the masonry section, as shown m Fig. 169, the dash hne being the line 
of resistance for Case I, while the dash-dot hne is the liofl of resistance 
for Case II. 
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It is of interest to compare the two lines of resistance, as showing the 
difference in the mtemal stresses set up in the masonry on account of 
the change in the assumption of the action of the masonry invert. The 
stresses in the masonry, where the sewer is constructed as a monolith 
from invert to crown and the invert rests on compressible soil, are much 
higher in crown, invert (especially in the latter), and side walls than in 
the case where the side walls and invert rest on ledge foundation. 

Referring to Fig. 159, it will be noted that between voussoirs 9 and 10 
the hne of resistance doubles back on itself. Obviously, the true 
(curved) line of resistance cannot have such a shape, and the line 
developed by the analysis is affected by the locations chosen for joints 
and the corresponding size of voussoirs. The particular (irregular) 
form is of no special importance but is liable to be confusing unless 
special care is talcen in scaling the eccentric distances from the center 
hne of the ring to the correct Imes of resistance. If the line of resistance 
from one erfcemal force to the next is followed in logical order, there 
should be no trouble. A different arrangement of the voussoirs or the 
choice of a greater number of them would probably result m filiminp.fiTig 
this peculiarity without changing the location of the lines m the remam- 
ing voussoirs 

It IS interesting to note that the line of resistance lies outside the 
masonry for almost its entire distance, and at the mvert it is consider¬ 
ably below it. 

COMPARISON OP RESULTS OF ANALYSES BY THREE DIFFERENT 

METHODS • 

In order to make a comparison of the three methods of analyzing arch 
stresses, some computations have been made, the results of which are 
shown in the following table. These results compare favorably con¬ 
sidering the somewhat different conditions involved. 

In the following table, the results by the static method were computed 
considenng the abutment at the end of voussoir 7 (Fig. 164). The 
other two methods were computed with the assumed abutment at the 
end of voussoir 13 (Fig 167). Attention should be called to the fact 
that in the last two methods the external loads were assumed to act 
at the center of the voussoirs, while m the static method the loads act 
at the center of the horizontal and vertical projections of the outside 
surface of the voussoirs. This position of the loads would tend to give 
a larger moment about the abutment for the elastic and indeterminate 
methods and correspondingly larger crown thrust. 

It is interesting to note that if the arch is figured by the method of 
indeterminate structures through voussoir 6 of Fig. 169, which cor¬ 
responds very closely with the end of voussoir 13 of Fig. 167, the value 
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Table 163.— Comparison op the Thrust and Moment at the Crown op 
THE Horseshoe Section by the Three Methods 





Method for 


Static method 

Elastic theory 

mdeterminate 




structures 

Ho, pounds . 

17,100 

17,700 

17,670 

Mo, foot-pounds 

2,616 

2,030 

2,368 


of He = 18,040 lb and Jlfo = 367 ft.-lb. This serves to illustrate the 
fact that if the arch is divided into too few voussoirs the results will not 
be accurate 

Table 154 shows how the elastic theory and the method of indetermi¬ 
nate structures compare for Cases I and II. The comparison would 
appear to be favorable when we consider that for the method of indeter¬ 
minate structures the full ring is divided into only 13 voussoirs against 
19 for the elastic method, with 9 and 15 divisions, respectively, for 
Case I. 

Table 154 — Comparison op Results by the Elastic and Indeterminate 
Methods for Cases I and II 


Case 

« 


Method for 
Elastic theory indeterminate 
structures 


I Ho, pounds 

I Mo, foot-pounds 

n Ho, pounds .. 

n Mo, foot-pounds 


14,660 14,810 
6,438 4,680 
8,170 8,260 
19,140 17,700 


It would have been more accurate in the case of the indeterminate 
method to have made 18 or 19 divisions, but for the jiurposo of saving 
space and computations it has been figured with only 13 voussoirs. 
There is no restriction on the length of voussoirs for this method, but 
the designer should bear in mind the fact that with too few divisions of 
the arch ring, the results obtained are less accurate. 


CRACKS m LARGE SEWER SECTION 

Some years ago, the attention of the authors was called to the action 
of a large horseshoe sewer section which had cracked m the arch (Fig. 



THE ANALYSIS OF STRESSES IN SEWER SECTIONS 513 


160). This section, although slightly smaller than the section analyzed 
in the foregoing discussion, was of practically the same type and was 
constructed as a remforced-concrete monolithic structure on compressi¬ 
ble soil. It will be noted that the arch cracked, as might be expected 
from a study of the line of resistance for Case II, where the stresses in 
the steel were excessive and the stresses in the concrete exceeded the 
ultimate strength The locations of the cracks shown were obtained 
by measurement. It is probable that cracks also occurred in the invert, 
although no defimte information was obtained on account of the flow 
of sewage. While this structure did not fail nor was it distorted to any 
noticeable degi'ee, yet the small cracks shown in the section could easily 
be detected and showed clearly that the steel had stretched sufficiently 
to allow the concrete to crack 



Feet. 

Pig 100 —Cnicks in sower arch cauaod by oxcossivo loading. 


Obviously, cracks large enough to permit the passage of water are 
objectionable, both because they may allow water' to pass into or out 
from the conduit, and because they would permit water to come in 
contact with the steel, which would rust and lose its value as reinforce¬ 
ment. Cracks of considerable size may also be evidence of partial 
failure of the structure, particularly if they mdicate that the bond 
between concrete and steel has been destroyed. 

Very fine cracks which cannot admit water to the steel are usually 
unobjectionable, although they may sometimes detract from the 
appearance of the finished works Usually, such cracks can be detected 
only by very close examination, in which case they are unlikely to affect 
the appearance. 
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ANALYSIS OF 16J^-FT. SEMIELLIPTICAL SEWER SECTION BY 
METHOD FOR INDETERMINATE STRUCTURES 

As an example of the analysis of a different type of structure from that 
previously shown, the followmg analysis of a 15-ft 6-m. semielliptical 
type of sewer section will be of mterest The computations are given in 
Tables 166, 166, and 167, and the arch section, the force diagram, and 
the line of resistance are shown in Fig 161. As the method of analysis 
is exactly the same as that described for the horseshoe section, no detailed 
explanation is necessary. 

Coniiiions .—The sewer shown in Fig. 161 is of the general type shown 
in Fig 118. It is assumed that the depth of earth fill over the crown of the 
sewer is 24 ft., that the weight of the earth filling is 100 lb. per cubic foot, 
and that the angle of repose of the earth fillmg is 30 deg. It is further 
assumed that the sewer is to be built in compressible soil without the use of 
piles or a timber platform If the upward forces on the invert are assumed 
normal to the bottom of the masonry, the condition will be less severe than 
as shown 


Table 166— Computations op Exthhnal Forces and Moments 


Analysis of 15-ft 6-m. semielliptical sewers by method for indeterminate 


VouBBOir 

number 





structures 




2 3 

4 

5 

6 

1 7 

8 B 

10 

11 




Coordi¬ 




Thickness 


dt 

t* 

nate of 



da 

of nng at 
center of , 

di, 

center of 
vouBSolr 

« 1 

by 1 Ib, * 

ds 
mm* - 
t* 

, , feet 

TOUBSolr, 1 , 

feet 

(dta) 



(du) 

(rfla “ 

feet 


feet 


y . 


du) 




fe^t 

feet 





1 

1 

30 

2 

107 

2 

41 

1 

007 

1 

21 

0 

13 

0 13 

0 

017 

0 010 

0.143 

2 

1 

30 

2 

107 

2 

41 

1 

007 

3 

40 

1 

10 

1 10 

1 

210 

1 327 

1 208 

3 

1 

30 

2 

107 

2 

40 

1 

002 

5 

06 

2 

85 

2 85 

8 

123 

8.800 

3 112 

4 

1 

30 

2 

686 

2 

30 

0 

800 

6 

37 

4 

84 

4.84 

23 

426 

20 850 

4 308 

6 

1 

51 

3 

443 

2 

30 

0 

604 

7 

40 

6 

08 

6 OB 

48 

720 

33.811 

4.B44 

6 

1 

68 

4 

742 

2 

30 

0 

504 

8 

17 

B 

25 

0 25 

86 

563 

43 120 

4 662 

7 

1 

86 

6 

435 

2 

30 

0 

371 

8 

63 

11 

60 

11 60 

134 

500 

40.025 

4 301 

8 

2 

00 

8 

000 

2 

3B 

0 

200 

8 

77 

13 

06 

13 06 

104 

882 

58 270 

4 176 

0 

1 

04 

7 

301 

1 

81 

0 

248 

7 

80 

15 

52 

15 52 

240 

870 

60 730 

3 860 

10 

1 

04 

7 

301 

1 

80 

0 

247 

6 

10 

16 

15 

16.15 

260 

823 

64 400 

3 000 

11 

1 

04 

7 

301 

1 

80 

0 

247 

4 

44 

16 

61 

16 61 

276 

802 

68 120 

4 102 

12 

1 

04 

7 

301 

1 

.80 

0 

247 

2 

60 

16 

02 

16 02 

280 

286 

70 710 

4.179 

13 

1 

04 

7 

301 

1 

80 

0 

247 

0 

BO 

17 

07 

17 07 

201 

386 

71 072 

4 216 


7 280 


561 120 47 0B3 
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Table 166— Comptitationb op External Forces and Moments 
Analysis of 15-ft. 6-m. semi-elliptical sewer by method for mdetenninate structures 
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Table 167. — Bending Moments, Thrusts, and Shears 
Analysis of 16-ft 6-m semielliptical sewer by method for 
mdetermijiate structures 


1 

2 

3 


NoV, 

foot 

pounds 

Total 

bending 

Voussoir 

moment. 

number 

M, 

foot 



pounds 


4 

6 

6 

Thrust, 

N, 

pounds 

Eccentric 

distance, 

Xof 

feet 

Shear, 

v, 

pounds 


Crown 

1 

1,463 

7,100 

8,563 

11,266 

11,870 

0 631 
0.722 

0 

3,960 

2 

12,376 

6,293 

14,600 

0 363 

3,900 

3 

32,070 

2,494 

17,260 

0 146 

3,630 

4 

64,460 

- 2,832 

19,800 

-0 143 

6,260 

6 

78,530 

-10,876 

22,160 

-0 491 

6,140 

6 

104,100 

-20,860 

24,320 

-0 868 

6,680 

7 

130,550 

-30,997 

26,100 

-1.188 

6,800 

8 

167,150 

-40,303 

26,900 

-1 498 

6,360 

9 

174,600 

-26,380 

13,420 

-1 966 

16,350 

10 

181,760 

4,334 

10,460 

0 416 

12,760 

11 

186,900 

28,426 

8,360 

3 405 

8,660 

12 

190,600 

44,716 

6,900 

6 480 

4,300 

13 

C L mv. 

192,100 

193,000 

63,068 

63,2671 

6,262 

6,262 

8 476 

8 600 

0 


1 Obtained in same manner as other Total Bending Momenta, Af » m + Afo + HoVinv, 
or by BoaUng so for thruat at oenter of invert then mtnv. ■■ 0,262 X 8 60 ^ 63,200 The 
BubBonpt "inv ” indicates measuremente dealing with the center lino of the invert 


Bending Moments 
All negative 

TWi =» 0 

m, = (6,279 X 2.19) + (443 X 0 97) = 14,182 
m, =« 14,182 + (11,708 X 1.88) + (1,748 X 1.76) = 36,676 
m* =. 36,876 + (15,827 X 1 31) + (3,509 X 1 99) = 64,392 

mt = 64,392 + (19,613 X 1 03) + (6,667 X 2 14) = 96,606 

TTH = 96,506 + (22,745 X 0.77) + (7,947 X 2 27) = 132,060 
mi = 132,060 + (26,170 X 0 46) + (10,842 X 2.36) = 168,647 

mg = 168,647 -}- (26,618 X 0 14) + (13,636 X 2 36) = 204,563 

mg = 204,663 + (27,006 X -0.88) + (17,617 X 1 56) = 208,080 

mio = 208,080 + (20,377 X -1.70) + (17,617 X 0 63) = 184,616 

mil =« 184,516 + (16,407 X -1.76) + (17,617 X 0 46) = 165,674 

mi, =. 166,674 + (10,364 X -1.76) + (17,517 X 0 31) - 162,884 

mi, =. 162,884 + (6,246 X -1 79) + (17,617 X 0 16) = 146,132 
rrun,. = 146,132 + (0 X-0.90) + (17,617 X 0.04) = 146,833 
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„ -(6,642,302 X 7.280) + (682,109 X 47 093) 

“ (47.093 X 47.093) - (661 129 X 7 280) 

Ha = +11,256 

M = -(6»5 42,302 X 47 093) + (682,109 X 561 129) 
“ (7 280 X 561 129) - (47.093 X 47.093) 

Ma = +7,100 


_ Ma 7,100 
Ha “ 11,266 


+0 631 


DRESSER FORMULAS 

The work involved in the analysis of stresses in a sewer section is very 
considerable. In the ordinary application of the elastic theory or of the 



Fig. 162.—Division of authors' aomielliptical Bootion into voussoirs for applica¬ 
tion of Dresser formulas. 


method for indeterminate structures, all the work must be repeated for 
each analysis. 

If all the dimensions of a sewer section bear definite relations to the 
diameter, formulas can be derived for moment, thrust, and shear at 
any point in the section (joint), correspondmg to certain conditions of 
loading. The solution of these equations for the loads corresponding 
to various depths of trench, and for various sizes of sewer, involves very 
much less work than would be required for the usual analyses The 
derivation of the formulas is laborious, however, and unless they were 
to be applied repeatedly to a standard form of section, the work would 
not be justified. 
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The fact that such formulas may be derived and utilized has been 
shown by Herman G Dresser, who has developed formulas for the 
authors’ semielliptical section (Fig 118), utilizing the method for inde¬ 
terminate structures. They are apphcable when the load to be earned 
is the equivalent of that contained between vertical planes touching 
the outside of the masonry (see pages 484 and 486) and when the 
horizontal component of the earth pressure is one-third of the vertical. 

For the denvation of the formulas, the half-ring was divided into 13 
vouBsoirs, as shown in Fig 162. The formulas, listed in Table 168, 
give the moment, thrust, and shear at the crown and at the center of 
each of the voussoirs, p represents the ratio of depth of fill above the 
crown (mcluding other loads converted to equivalent depth of fill) to 
diameter of sewer, w the umt weight of backfill (pounds per cubic foot), 
and D the diameter of the sewer in feet. The moment is positive 
when it causes compression in the outside fibers and negative when 
it causes compression in the inside fibers Formulas are given for 
Case I (arch and side wall only, with rigid support under side wall) and 

Table 158.— Drbsskh’b Formulas for Stresses in Metcalf and Eddy 
Semielliptical Sbwfir Section 
Case I —Arch and side wall 


Point 1 


Moment, ft -lb 

Thruflt, lb 

1 Shear, lb 

Crown 

(- 

0014p — 

0004) 

c 3637p -1- 

0681) 

Zero 

1 

( 

OOlSp - 

0060} 

( 3701p -1- 

0668) 

( 0970p - 0l23)inD9 

2 

(- 

0009p - 

oo20)wn« 

( 4341p -1- 

0611)wl»> 

( OOeOp - 0230)101)9 

3 

( 

OOlOp + 

oo3i)wn« 

( 4880p -1- 

0634) wD* 

( 0381p - 0178)iol)9 

i 

(- 

OOOlp -t- 

0063) 

( 630 Ip -1- 

0667) wZ)> 

( 06l6p -f- 0021)u)l)9 

6 

(- 

0027p -f- 

0067) wD* 

( 6777p -1- 

0854)wn^ 

C 0483p -f- 0204)iol)9 

6 

(- 

0038p -f- 

0030) wD* 

( 6084p + 

1069)wn« 

( 0299 p -f- 0527)iol)9 

7 

(- 

OOlSp - 

0033)wi)> 

( 023lp -|- 

1250)wDa 

C 0067p -t- 0827)iol)* 

8 

( 

OOOlp - 

0166)ion* 

( 6160P -1- 

1462)10^)* 

( 0647p -f- 1130)101)9 




Case n.— Full ring 


Point 1 


Moment, ft -lb 

1 Thrust, Tb | 

1 Shear, lb 

Crown 

< 

o 

1 

OO70)mI)* 

( 2e34p -f- .0030)u)i)i 

Zero 

1 

< 

0196 p - 

0070) wl)« 

( 2818p -f- 

0625}ui)i 

( H70p - .OiarOioD* 

2 

( 

0107p - 

0027)Mn< 

( 3022p -t- 

0667)u)n* 

( 1216p - 0274)io1)9 

8 

( 

002lp -1- 

oo3i)ion« 

( 4338p + 

O609)u)l)* 

( 1103p - 0226) ion* 

4 

(- 

0106p -|- 

oo7i)wn« 

C 402Op -f- 

0606)un* 

( 1303p - 00.30)wl)a 

6 

C- 

026ep -f- 

00B2)wn' 

( 6445p -1- 

0876) uDi 

(.1323p-l- 0210)wl)9 

B 

(- 

OSOOp -f- 

oo0O)ion« 

( 6809p -1- 

1083)v)D9 

( 1176p + 0470)ioD9 

7 

(- 

0616p - 

OOODioD' 

( 0l33p -1- 

1262)u)ni 

C.0064p -f- 070ft)ioD9 

8 

(- 

OBBOp — 

oii2)wn* 

( 6204p H- 

1240)u)n> 

( 0361p + 1095) loD* 

e 

(- 

0129p - 

0110)wl»* 

( 2304p -1- 

1468)101)9 

C3036pH- 0430)wD9 

10 

( 

0255p — 

0050) mD* 

( 1729p -1- 

1360)ton» 

( 2S16p + 0330)uDi 

11 

( 

0655p — 

ooi9)wn' 

( 1297p -f- 

1284)ioi)i 

( 1012p + 0213)iol)9 

12 

( 

0756p + .0007)wZ)« 

( 1O10P -f- 

1236)ioD* 

( 0956P -f- 0086)ioD9 

13 

( 

OSSSp -1- 

0021 )mD« 

( 0896p -1- 

.1217)ioni 

Zero 
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Case n (entire ring in compreBsible earth). The formulae for Case I 
should be used only when the structure is to be built on sohd rock. 

If the maximum compressive stress is excessive, it will be necessary 
to increasG the thickness of the ring. If the required increase is not 
great, the design may stiU be based upon the moments, thrusts, and 
shears given by the formulas, on the assumption that the change in 
thickness of the cross-section will not materially affect their applica¬ 
bility. If considerable increase in thickness is needed, however, it will 
be necessary to analyze the stresses by one of the methods previously 
explained, the Dresser formulas not being applicable.^ 

In the case of a wide trench, the loading to be sustamed wiU be 
materially greater than that assumed m the Dresser formulas, and they 
should not be employed. 

COMPUTATIOIT OF STRESSES IN ARCH 

In the previous discussions, the thrust, shear, and bendmg moment 
have been computed for the various divisions of the arch ring (voussoirs). 
The next step in the design of the sewer ai’ch is to determme the maxi¬ 
mum stresses in the masonry and steel m order to make sure that they 
do not exceed the safe worlang stresses and, further, to determine that 
the arch has been designed as economically as possible. 

In order to simplify the discussion, plain concrete or masomy wiU be 
oonsidered separately from concrete reinforced with steel.® 

Let R = resultant of all forces acting on any cross-section of arch ring 
fa = maximum umt compression in masonry 
= minimum unit compression in masomy 
N = thrust, the component of R normal to the joint 
V = shear, the component of R parallel to the joint 
6 = breadth of rectangular cross-section, taken as 12 in. 
t = thiclcness or depth of rectangular cross-section, in inches® 

Xo = eccentricity, that is, the distance from the center hne of nng 
to the point of apphcation of the thrust, which is the 
intersection of the hne of resistance with the plane of the 
cross-section 

M = bendmg moment on the cross-section = Nxa 
= maximum unit compression m the steel 

J It would be possible to oomputo another set of formulas for a thick section, similar to the 
Dresser formulas for the standard sootion, using the second sot when it became nocesaary to 
employ n sootion too thick for the apphcation of the Dresser formulas, but the hkebhood of 
making use of them seems too small to worront the labor required 

*DiaouaBiouB similar to the following may bo found in Hool and Johnson, " Conorote 
Engineers' Handbook," Hool and Kinnn, "Structural Members and Ckinneotions," and 
Tayloh, Thompson, and Smulski, "Concrete, Plain ond Reinforced," Vol I 

• It should be noted that in pro'rfous poges doahng with external loads, dimensions are in 
foot and moments in foot-pounds In considering stresses, the inch is the customary unit. 
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f, = maxiinum unit tension or minimum unit compression in the 
steel 

Po = ratio of steel area at both faces to total area of cross section, 
= for rectangular sections, ratio of steel area to bt 
n = E,/Eo = ratio of moduh of elasticity of steel and concrete 
k = ratio of depth of neutral axis to depth t 
M = distance from outside compressive surface to neutral axis 
d' = depth of steel in compression, from compressive surface 
d = depth of steel m tension, from compressive surface 
r = distance from center of gravity of symmetrical section to steel 
A, = area of steel near face least highly stressed m compression 
A[ = area of steel near face most highly stressed in compression 

Stresses in Plain Concrete or Masonry Arch Section.—Sewer arches 
constructed of plain concrete or masonry should be so designed that the 




Fio. 163.—Streaaea caused by forces acting on plain concrete section. 

line of resistance will not lie outside the middle third of the masonry at 
any point. It is assumed in the design that plain concrete, brick, or 
stone masonry cannot resist tensile stresses and that on that account the 
hne of resistance should he within the middle third, so that there will bo 
nothmg but compressive stresses developed. 

The general formulae for the compressive stresses, both maximum and 
mimmiim, m any section of the arch ring, are as follows (see a, Fig. 
163): 

Ma™ium = /,=^(l + S5£) 

Mmimnm = /; _^(l _ 

These general formulas apply to rectangular sections and will hold as 
long as the safe tensile strength of the concrete or masonry is not 
exceeded As previously stated, however, no tension should be allowed 
to exist in the masonry. In the exanunation of arches already con¬ 
structed, it sometimes happens that the Htir of resistance is found to 
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be outside of the middle third, and since it is assumed that the material 
is unable to carry tension, the preceding formula is not applicable for 
computmg the stresses on the section. In this case, the stress is dis¬ 
tributed as compression over a depth less than the entire depth of the 
section, and cracks may be expected on the tension side (see b, !Pig. 163). 
The maximum compression in this case equals/c = ^N/3ba where a = 
distance from point of application of thrust to most compressed surface. 

Stresses in Concrete Section Reinforced at Both Faces Synunetrically. 
In reinforced-concrete sections, the area of steel in compression can be 
replaced in the design by an equal area of concrete by multipl 3 dng the 
steel area by n, the ratio of modulus of elasticity of steel to the modulus 
of concrete. The moments of inertia may also be compared in a 
manner, and the section treated in the design as if it were entirely com¬ 
posed of concrete. In the design of a reinforced-concrete section, it is 
assumed that the concrete is not allowed to carry tension but that all 
of the tensile stresses must be carried by the steel reinforcement. 

Compression over Entire Section .—The following equation expresses 
the approximate value of the maximum unit compression in the concrete 
under conditions where no tensile stresses exist in the section (see Fig. 
164). 


fo 


N' 1 . ^ 6 

Ul+np. 



Fig. 164. —'StreBsoB oauBod by a force producing oomproBaion upon the whole 

reinforced seotion. 

This condition does not necessarily mean that the line of pressure 
lies at or within the limits of the middle third of the section, for in a 
reinforced-concrete section the value of the eccentricity Xo, at which 
there is neither compression nor tension at the surface opposite to that 
on which the thrust acts, is usually somewhat greater than t/6. For 
greater values of the eccentricity, and assuimng that the concrete is 
unable to carry any tension, the above formula is not apphcable. Limit¬ 
ing values of the ratio Xo/t are given in Table 159 for n = 15 and various 
values of po 

If the value of Xo/t is less than that shown in the table, the above 
formula will apply and no tension exists m the section. 
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Tabud 169 — Limiting VAitrES op Xo/t fob Stmmethical Reinpohcbmbnt 
IN Both Faces of Section, Comphebsion oveh Entire Section; ti = 15 


d’/t 


Values of po 


0 005 


0 0076 


0 01 


0 0126 


0 015 


0 0176 


0 02 


0 0226 


0 026 


0 05 0 183 0 191 0 198 0 204 0 210 0 216 0 222 0 227 0 232 

10 0 177 0 182 0 186 0 190 0 194 0 198 0 202 0 206 0 208 

0 16 0 172 0 175 0 177 0 179 0 181 0 183 0 186 0 187 0 188 

0 20 0 168 0 168 0 168 0 169 0 169 0 170 0 170 0 170 0 1706 


As an escample of the foregoing, if the thickness of the crosB-section 
t is 18 in., the percentage of steel reinforcement is 0.76 (po = 0.0075) 
and d'/t = 0 10, from Table 159; Xo/t = 0 182, and, therefore, Xo = 
0.182 X 18 = 3 28 m This means that the line of pressure or point 
of apphcation of the thrust cannot be more than 3.28 in from the center 
hne without prqducmg tension on one side. 

For convemence, the formula may be expressed as follows. 


fc = 


where K 
ot 


1 , 6 _._ 

1+"*'- ‘l + 12np4)’ 


Values of K, with n = 16 and d'/t = 0 10, are given in Fig. 166 for 
varying percentages of steel and values of Xo/t. This diagram will also 
serve approximately for other values of d'/t Similar diagrams can 
be prepared for other values of d'/t if greater accuracy is desired, or 
they may be found m Hool and Johnson’s “Concrete Engineers’ 
Handbook ” 

To illustrate the use of the curves for K, if, in the above example, 
the eccentricity is 2 m., Xo/t = 2/18 = 0 111, and K = 1.44. There¬ 
fore, So = I 44jv/(12 X 18), from which the value of /<, can be found 
if the thrust N is known 

If tension does not exist m the section, the principal stress to be 
determined is the maximum compression in the concrete, which must 
not exceed a safe working stress. 

T&rmon in Section —^When the ratio Xg/t is greater than the value 
given in Table 159 and the concrete is considered as unable to carry 
tension, the following formula should be used (see Fig. 166): 




(3 - 2fc)] 


where 
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To facilitate the computations, Figs. 167 and 168 are given. Deter¬ 
mine Xo/t, and from Fig 167 find the correspondmg value of h for the 
given percentage of steel. Then with this value of k use Fig. 168 to 
find the corresponding value of L for the given percentage of steel 
For example, if the thickness of the arch, t, is 18 in., the value of po = 
0 0075, Xo is 10 in., Xo/t = 0.555, and d! = O.lOf, then from Fig. 167, k — 
044 

From Fig. 168, with k = 0.44 and po = 0.0075, L = 0.118 
Then 

0 118 X 12 X 18 X 18 



Fio 166.—Stresses caused by a force produoing oompression and tension upon 
a reinforoed seotion, tensile strength of concrete neglected. 


from which the value of /o can be found if the bending moment M is 
known ' 

If the value of d'/t differs materially from 0.10, some error will result 
from the use of these diagrams in determnung the values of k. Similar 
diagrams for d' = 0.05i and d' = 0 16t will be found in Hool and John¬ 
son’s “Concrete Engineers’ Handbook,” as well as diagrams for n = 12. 
Values of L, if n = 15, can be found as follows: 

For d' = 0.05i, divide po by 0.790 before using Fig. 168. 

For d' = 0 15t, divide po by 1.306 before nsing; Fig. 168. 

For d' = Q 2Qt, divide po by 1.778 before using Fig. 168. 

The factor with which to divide po for any value of d'/t is 0.1Q(t/r)^. If 
n = 12, similar methods can be used. 

In the formula for determining fc, it should be borne in mind that if 
6 and t are in inches, the value of M should be in inch-pounds. 

Havmg thus found the umt stress in the concrete, the umt stresses in 
the steel may be found by the foUowmg formulas (see Fig. 166). 

/J = p/e^l — = maximum unit compressive stress in steel. 

fa = nfo(^ — -j ^—^ = m aximuTn unit tensile stress in steel. 
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Shearing Stress —This is found as follows. 

Let V = total shear at any voussoir. 

V = maximum umt shearing stress 
b = length of arch section used, assumed as 1 ft. 
jd = arm of resisting couple = approximate 
then V = V/bjd = (approximate) = 8V/7bd. 

Bond Stress —This is computed os follows 

Let u = umt bond stress between concrete and steel bars, 

0 = penmeter of one bar. 

So = sum of perimeters of bars in unit length, tension steel only, 
then u = V/IiQjd = (approximate) = 8y/7Sod 

Unsymnietncal Reinforc&mcnt —The discussion thus far apphes only 
to sections remforced symmetrically at both faces If the reinforcement 
is unsymmetrical or if only the tension face is reinforced, different formu¬ 
las must be used For the methods to be used in these cases, the reader 
. is referred to the work of Hool and Kinne^ and Hool and Johnson.* 

TRANSVERSE STEEL REINFORCEMENT 

The fact has already been pointed out that the introduction of steel 
reinforcing bars to strengthen the arch where only compressive stresses 
exist does not permit of any great dimmution of the concrete section or 
any marked economy, but it does have the great advantage of makmg 
the structure more reliable and acts as a sort of msurance agamst unfore¬ 
seen stresses that may occur, such os stresses due to temperature changes 
or shrinkage of the concrete, settlement of foundations, and the hke. It 
also provides an additional factor of safety against poor workmanship in 
the construction of tlio sewer section. While the designer may make an 
effort to foresee the conditions and to provide sufficient reinforcement or 
thickness of masonry to withstand the stresses os computed, there is an 
uncertainty concerning the action of arches for which it is impossible 
whoUy to provide. 

In view of these considerations, it is well to use transverse steel rein¬ 
forcement for large concrete sewers, even though the computations may 
show that the hne of resistance lies everywhere witlim the middle third of 
the masonry section. It is impossible in arch reinforcement to make use 
of the steel to the full allowable compressive working stress used m steel 
design The maximum compressive stress which can be reached in a 
reinforced-concrete arch, designed in accordance with the foregoing 
method of computation, will never be greater than the allowable working 

> Hooii and Knraii, Struoturol Members and ConneotnonB, pp 628-640, First Edition, 
1023 

* Hooij and Johnson, Conoroto Engineers' Handbook, p, 403—406, First Edition, 19lS 
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stress in the concrete multiplied by the latio of the moduh of elasticity 
n. This, under ordinary conditions, places a hmit in compression on the 
steel reinforcement of approximately 9,750 lb. per square mch (650 X 
15). If a greater compressive stress should be developed in the steel, 
the deformation would be sufficiently great to overstress the concrete 

In good practice, the amount of transverse reinforcement m arches 
usually varies from about 0.2 to 1.6 per cent of the area of the concrete 
masonry at the crown 

In designing the reinforcement for a sewer arch, it is necessary to 
assume a certain percentago uf steel at the start, as will be noticed from 



Fio. 109—Steel roinforoemont of 16j^ ft. semielUptioal sewer. 

the method of computing fibei' Btres.ses, already given. After the com¬ 
putations have been made, the actual percentage to be used can be 
adjusted in accordance with the results of the computation, in order to 
obtain the most economical arrangement possible. 

Computation of Transverse Reinforcement for 16-ft 6-in. Semi¬ 
elliptical Section.—^As an example of the method of computing the rem- 
forcement, the following computations (Table 160) made for the 15-ft. 
6-in. semielliptical section, previously analyzed, are given As a rule, it 
is not necessary to compute the stresses for each division but merely for 
a few cntical points. 

It IS customary to keep the same size of bars and the same spacing m 
the upper part of the arch, changmg either or both if necessary in the 
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side walla or in the invert. It is desirable to have as few different sizes 
of bars as practicable. In general, smaller bars closely spaced are prefer¬ 
able to larger bars with wide spacmg A typical arrangement of the 
transverse steel reinforcing bars is shown for the 15-ft. 6-m. semielhptical 
sewer m Fig. 169. 

The umt pbpn.Tin g stresses in voussoirs 9 and 10 (without web rein¬ 
forcement) are higher than good practice allows. To insure the con¬ 
crete against cracking due to excessive sheanng stresses, web bars are 
provided to carry a portion of the shear. The masonry could have 
been made thicker in order to reduce the shearing stresses 
The umt bond stress is such that anchorage is required for the arch 
and invert bars. Such anchorage is provided by the length of bars 
papBiTi g through that portion of the arch where there is compression 
over the entire section or by hooking the bars at the ends. 

LONGITUDINAL STEEL REINFORCEMENT 

Masonry structures of aU kmds expand and contract with temperature 
changes. Concrete condmts or sewers are subject to temperature 
changes, particularly during the penod of construction. The expansion 
of the masonry rarely causes trouble except at sharp angles, but con¬ 
traction is more hkely to cause difficulties 
Cut-and-cover aqueducts have generally not been reinforced longi- 
tudmaUy. Transverse cracks appeared in the Wochusett and Weston 
aqueducts at dividmg planes between day’s work ^ In the CatskiU 
aqueduct, transverse cracks were observed in a few 75-ft. sections but 
none m 60-ft. sections. No cracks wider than 0 04 in. were found in 
the Wachusett aqueduct. The aqueduct connecting the Jerome Park 
reservoir (N. Y) with the new Croton aqueduct was built with no 
allowance for temperature stresses, and only a few trivial transverse 
cracks developed. No expansion joints were provided in the Los 
Angeles aqueduct from Owens River or in the Winnepeg aqueduct. 
There is ample precedent, therefore, for omitting reinforcement against 
temperature changes If this is done, it may be necessary to repair 
some cracks, particularly if the invert, side walls, and oi'ch are built 
separately with construction joints not m the same plane. 

The actual amount of steel reinforcement to be provided to resist 
temperature stresses is, to a certam extent, a matter of judgment. For 
a sewer constructed in comparatively dry soil and designed to carry 
both surface water and sewage, the presence of small craclcs might bo 
considered unobjectionable. Large cracks would be objectionable 
on account of the possible rusting of the steel reinforcement and conse¬ 
quent weakening of the structure. For a sewer constructed in very wet 
soil adjacent to a river or a creek, where it is essential to keep out as 
1 Thrsn, Wbbton, and Boqbbt, “ Waterworka Handbook,” First Edition, 272. 
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much ground water as possible, the presence of even small cracks 
might be objectionable. 

It is interesting to note that concrete laid during warm weather is 
much more likely to crack on account of temperature changes than 
concrete laid during cold weather, and, in addition, shnnlcage cracks are 
more apt to occur with concrete laid during hot, dry weather unless care 
IS taken to keep the concrete wet. 

Two methods are in use for preventing objectionable cracks caused by 
the shnnkagc of concrete in hardening and the contraction due to a 
lowering of the temperature. One method is to locate expansion joints 
at frequent intervals, approximately 30 ft, so that all of the changes will 
be concentrated in one crack at each expansion joint. The second 
method is to insert enough reinforcement composed of small bars placed 
near the surface of the concrete to distribute the cracks at short intervals 
and make them so small as to be practically mvisible or unobjectionable 
In actual practice, it has been customary to insert from 0 2 to 0 4 per 
cent of the area of the concrete as longitudinal steel to resist shnnlcage 
and temperature stresses For this purpose, deformed bars furmshing 
a high mechamcal bond with a high elastic limit are advantageous 

To illustrate the action of steel in resisting the contraction due to 
temperature changes, consider a cylinder of concrete having a cross- 
section of 100 sq. in and having a steel rod passmg through it from end 
to end and fixed to anchorages immediately beyond the ends of the 
concrete cylinder. If the rod were independent of the concrete and 
were subjected to a drop in temperature of 10°, it would tend to contract 
an amount equal to the product of its length, the fall m temperature 
and the coefficient of contraction or 

Contraction = L X 10 X 0.00,000,65 
= 0 00,006,5L. 

The stress developed in the steel because of its fixed ends is the 
product of the contraction per unit of length and the modulus of 
elasticity of steel, or. 

Stress = 0 00,005,5 X 30,000,000 
= 1,660 lb per square inch 

Similarly, if the concrete cylinder were independent of the steel and 
were fixed at the ends, the stress developed would be 
Stress = 10 X 0.00,000,65 X 2,000,000 

= 110 lb. per square inch (11,000 lb. in 100 sq. in ) 

The steel rod is attached to the concrete through the bond between 
concrete and steel surface, and ultimately transmits to the cyhnder the 
stress to which it would be subjected if its ends were fixed. The dis¬ 
tance necessary for this stress of 11,000 lb to be co mm u ni cated from 
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the steel to the concrete depends on the size of the rod and the bond 
strength. If the rod is H in round, it will have a cross-sectional area of 
0.20 sq m and a bond surface of 1 57 sq. in. per inch of length. The 
ultimate bond strength for plain steel rods is from 200 to 300 lb per 
square inch Assuming the higher value, the bond strength per inch of 
rod is 

1.57 X 300 = 471 lb per inch. 


The distance required to transmit the stress from concrete to steel is 


11,000 

471 


23 in. 


'The stress in the steel due to its change in temperature is 
1,650 X 0.20 = 330 lb. 


The stress in the steel at the anchorages is 11,330 lb the sum of the 
stress due to the change in temperature in the steel and that transmitted 
to the steel from the concrete The stress in the concrete increases 
from zero at the ends of the cylinder to 11,000 lb at points 23 in. from 
the ends and remains uniform between these points. The stress in the 
steel decreases from 11,330 to 330 lb. and is this amount between the 
pomts 23 in. from the ends 

If the drop in temperature be 18®, the stress in the concrete will be 
18 X 0 00,000,56 X 2,000,000 = 198 lb per sq. in or practically 200 
lb, which is a high value for the ultimate tensile strength of 1:2:4 
concrete and the concrete wiU yield by cracking. 

The total stress in the concrete is 200 X 100 = 20,000 lb. 

The length necessary for this stress to be communicated to the steel 
is 


20,000 

471 


42 in 


The stress in the steel due to the change in temperature is 18 X 
0 00,000,55 X 30,000,000 X 0 20 = 594 lb. 

The maximum stress in the steel, mcluding that communicated to 
it from the concrete, is 

20,000 + 694 = 20,694 Ib.i 

The stress in the concrete is uniform and equal to its ultimate strength 
for a considerable length between the points at which the stress due to 
the contraction of the concrete begins to be transmitted to the steel. 

The first crack will occur at the weakest point in this length. It 
may be assumed that the first crack will occur 42 in from one end, say 
the left, it "will be immediately followed by a second crack 42 in. from 
the first, and so on, until the distance from the last crack to the right 

' The oortespondlng unit stress in the steel is ezoessiTe, sho-wins that the relatlro amounta 
of steel and concrete assumed for the example would be Inoorreot for oonstruotion. 
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end is less than 2 X 42 = 84 in , when no more cracks will form, since 
the stress in the concrete will nowhere reach 20,000 lb. 

If this length (say 83 in ) of cylinder were not restrained by the steel, 
it would contract 18 X 83 X 0 00,000,56 = 0 0082 in., and this would 
be the maximum width of crack As, however, the bond strength 
throughout the length of the section between cracks is sufficient to 
resist a part of the tendency to contract, the width of the crack will be 
somewhat less than this amount 

The distance between cracks is inversely proportional to the bond 
stress developed For this reason, it is weU to use small bars for tem¬ 
perature reinforcement in order to obtain a large bond surface. It is 
also preferable to use deformed bars, the umt bond strength of which 
may be taken as 25 per cent higher than that of plain bars, m order 
better to ensure obtaming a maximum bond strength of about 300 lb. 
per square inch 

The amount of steel reinforcement required will depend on the range 
of temperature to be provided for It is the usual practice to allow the 
temperature steel to lie stressed to near its elastic limit The amount 
of steel to be provided will be, therefore, that which will sustain the 
stresses in the steel itself with sufficient margin to ensure the rupture 
of the concrete 

Assuming a drop in temperature of 35° and an elastic limit of 50,000 
lb. per square inch for a hard grade of steel, the amount of reinforce¬ 
ment may be comi)uted as follows 

Stress due to temperature change in steel itself 

= 35 X 0 00,000,55 X 30,000,000 = 5,775 lb. per square inch. 

Stress which can be transmitted to concrete 


= 60,000 — 6,775 = 44,225 lb. per square inch. 
Cross-section of concrete wliich can be ruptured using 200 lb. per 
square inch as the ultimate tenade strength of concrete 
44,226 


200 


= 221 sq in. of concrete per square inch of steel. 
100 

Percentage of steel = = 0-45. 


In practice, 0.4 per cent of steel has generally been found adequate 
reinforcement against temperature stresses 


SAFE WORKING STRESSES 

The working stresses recommended by the Joint Committee on 
Standard Specifications for Concrete and Reinforced Concrete^ furnish 
the best guide for determining safe values to be used m design. For a 
> Proa Am &oc C E, Ootobor, 1024; 1200 AIbo published In the Frooeedinss of the 
Amerloen Concrete Institute 
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complete understanding of the following figures, reference should be 
made to that report 

The following maximum allowable working stresses for concrete are 
stated in terms of /', the ultimate compressive strength of the concrete 
at age of 28 days, based on certain prescnbed tests. Values are shown 
for an assumed ultimate compressive strength of 1,625 lb per square 
mch which is a safe allowance for concrete composed of 1 part of Port¬ 
land cement and 6 parts of aggregate placed under the ordinary condi¬ 
tions of sewer construction The strength assumed in design, however, 
should be chosen to meet the conditions likely to be encountered 


Pounds per 
square inch 


Compression in extreme fibre^ 

Shear m beams without web reinforcement, 

0 40/: 

660 

straight bars without special anchorage 

Shear m beams with straight bars with special 

0 02/: 

32 5 

anchorage ... 

Shear m beams with stirrups or bent-up bars or 

0 03/: 

48 75 

combmation of the two, straight bars with¬ 
out special anchorage .. 

0 0^: 

97 6 

Bond stress for ordmary anchorage in beams 



for plain bars 

o o 

o o 

66 0 

for deformed bars 

Tension m bdlet steel reinforcing bars, struc¬ 

81 25 

tural steel grade 


16,000 


1 Noth Do not confuse the symbol fi of this disaussion with fc under “Computation of 
Stresses in Arab Section," os it is used in two distinctly dlSeront sonsoB 

If “special anchorage” is provided in the tension reinforcement to 
meet the requirements of the Joint Committee, the allowable shear and 
bond stresses may be greatly increased. 



CHAPTER XV 


INLETS, CATCHBASINS AND MANHOLES 

The special structures wliicli are built on sewerage systems have an 
important part to play in the operation of such works, as a rule. In 
order to clean sewers, manholes giving access to them are provided, and 
drop manlioles and wellholes have been developed from ordinary man¬ 
holes, in order that sewage may be delivered vertically from one eleva¬ 
tion to another with a minimum amount of disturbance. For this 
latter purpose flight sewers, with their inverts hke a straight stairway, 
have also been constructed. Where storm water is removed under¬ 
ground, street inlets are provided to discharge it directly into the sewers 
and drains, and catchbasins are employed where this surface runoff 
contains so much refuse of different lands that the engineer prefers to 
give it a chance to settle in a readily cleaned sump rather than to allow 
everyiJiing to flow without check into the sewers. In order that long 
hnes of small sewers may be kept under observation with the greatest 
facility, some engineers provide them with lampholes, down which a 
lamp can be lowered to illuminate the interior of the sewer enough to 
enable an observer at the manhole on either side of the lamphole to see 
with more or less distinctness the condition of the pipe. 

There are many small sewers with grades so flat that the only way to 
keep them clean is to flush them with water, accompanied, if necessary, 
by scrubbing with a brush on the end of a long jointed rod or wire. For 
this purpose, a flushing manhole operated manually or an automatic 
flushtank is employed, and there is a great difference of opinion among 
engineers regardmg the respective merits of the two types. Occasion¬ 
ally a flushing inlet is provided on the bank of some river or pond, 
through which water can be admitted to large sewers which need 
cleamng. 

Where largo sewers join there are beUmouths and other forms of 
junctions to be built, which sometimes assume forms of considerable 
complexity. Inverted siphons are used in crossing valleys or dropping 
below subways and other obstructions. On rare occasions a true siphon 
may be used to overcome a small ridge, although it is usually considered 
preferable to go to considerable expense to avoid such a detail Since 
reinforced concrete came into use, specially designed hollow girders or 
beams have been employed in some places to cross rivers or deep gulches, 

636 
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where inverted siphons or steel bridges would have been used before 
If the combined sewerage system includes mtercepting and relief sewers, 
some form of regulatmg device must be used at each place where the 
sewage is discharged from a coUectmg sewer into an intercepting or relief 
sewer; there are numerous forms of automatic regulators, storm overflow 
chambers, and leaping weirs used for such situations. 

Where the sewage is discharged into a nver, lake, or tide water, an 
outlet of some kind is needed; it has already been pointed out in the 
Introduction that the failure of the designers of early sewerage systems 
to allow for the effect of tide-locking of such outfaUs caused a large part 
of the really senous troubles with some of the sewerage systems built 
prior to about 1876. Even today the effect of submergence on the flow 
in an outfall sewer and on the discharge from its outlet is not always 
given the attention it requires. Another alhed type of special structure 
IS the tide gate, which is a large check valve to prevent the entrance ot 
water into a sewer when its surface elevation reaches such a height that 
the water tends to pass in through the valve rather than the sewage to 
pass out. 

In the early days of sewerage works, their ventilation received much 
attention and a variety of theories existed concerning the best way to 
carry this out The omission of the main house trap was advocated by 
some engineers as a material aid in sewer ventilation, because of the 
upward draft through the soil pipes of the buildings which, it was claimed, 
would come into existence in this way. Another body of engineers 
vigorously opposed the omission of the main trap and insisted upon a 
vent pipe run from the house dram, outside the trap, up the side of the 
buildmg to an outlet above the highest windows. StiH other engineers 
made use of ventilating chimneys shaped like the posts of street lamps, 
and sometimes used as such, and, at one time, perforated manhole covers 
were m quite general use as a means of ventilation. Taking it all in all, 
it IS perhaps safe to say that there has been no part of sewerage engineer¬ 
ing in which a greater variety of special designs has been prepared for 
the same purpose than in ventilation, while the vigor of the debates over 
it down to the last decade of the last century was a noteworthy feature 
in the engineering hterature of the day. It was at one time thought that 
sewers should be ventilated at manholes so as to prevent sewer gases i 
from accumulatmg and finding their way into dwellings, affecting the * 
health of the residents. The real need for ventilation, however, arises 
from the danger to workmen in sewers and manholes. Sewer gases 
have caused fatalities on several occasions, usually where agitation of the 
sewage caused the release of excessive quantities of gas. The removal of 
volatile gases by ventilation is an aid m reducing the danger from 
explosions. 
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Although some of these special structures offer Uttle opportunity for 
standardization, due to differences in local conditions, in each class 
there are certain features which experience has indicated are important. 
During the past few years, there has been an attempt at standardization 
both as to types and details of some of these special structures This 
has been a slow process as experience rather than theory has been the 
controlling factor. Such attempts toward a common practice as have 
been made will be described under the appropriate headings. 

STREET INLETS 

That part of the storm water termed runoff, which is not lost by 
evaporation or percolation, drains into the street gutters to be removed 
at suitable intervals through inlets connecting with the sewerage or 
underground drainage system These inlets either discharge directly 
into the drains or into catchbasms which are intended to intercept the 
refuse and sediment flushed from the street surfaces. Their location 
is a matter in wliich the street department is also interested, as it is 
important that both pedestrian and vehicular traffic be interfered 
with as little as possible While it is not practicable to lay down 
instructions which will cover all cases, certain general rules which are 
usually applicable may be given. 

Where cross streets are not too far apart, inlets are generally located 
at street intersections in such a way os to intercept water flowing in the 
gutters before it reaches the crossings used by pedestrians. Where the 
distance between intersecting streets exceeds 300 to 600 ft., the water 
may accumulate to a sufficient depth in the gutters to interfere with 
passing vehicles In such cases it is better to construct inlets at inter¬ 
mediate points to prevent this condition from occurring. Also where 
the slope of the gutter is steep, intermediate inlets should be placed at 
suitable points to assure a rapid removal of the stormwater. In such 
case, it is desirable to depress the gutter several inches at the inlet, 
bringing it rather abruptly to grade again beyond the inlet, in order to 
intercept the water which has suflftcient normal gutter velocity to 
pass by the opening If permissible, the depression should be carried 
some distance out from the curb, and changes of slope should not be so 
abrupt as to cause inconvenience to vehicular trafldc. Such depressions 
are not looked upon with favor by street departments, but are desirable 
from the standpoint of drainage. It is the sudden change m slope 
rather than total depression of the gutter that is objectionable, and 
with due care adequate drainage and convenience for traffic both can 
be obtained. For hillside inlets it may be necessary to increase the 
length of opening in the curb to provide sufficient capacity. Figure 
170, reproduced from "City Pavements” by Major F. S. Besson, is 
an illustration of such an elongated inlet in the curb. 




Fig 170 —An elongated curb inlet on a steep grade This construction is used 
in order to catch the water without the use of an objectionable obstruction in 
the gutter. 



Quantity of Water in Cu Ft per Sec 

Fig. 171. —Relation between street grade and quantity of water taken through 
inlets, for various depths of depression (St. Louis) 

Inlet opemiLg is 4 ft 6 m long and 6 m high 
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There are few data available on the carr 3 dng capacity, especially on 
grades, of curb openings which are usually from 2 ft. 6 in to 4 ft. 0 in. 
long and 6 to 8 in. lugh. 

Tests to determine the capacity of inlets and the effect of longitudinal 
grade in the gutter and of depression of the inlet, were made by W W. 
Horner of St Louis.’ The best type of inlet tested had a clear openmg 
of 6 in. by 4H ft. The siU sloped abruptly down from the gutter and 
there was no grating in the gutter. The computed intake capacity of 
this inlet was 1 0 cu. ft. per second. Figure 171 shows the measured 
capacity of the inlet with water just lapping past, and for various street 
grades For larger discharges in the gutter, the inlet will take greater 
quantities of water but some will pass on down the gutter. The grades 
and depths of sump or depression are shown. It will be noted that to 
take 1 cu. ft per second requires a 4-in depression on a grade not to 
exceed 2 per cent, or a 6-in. sump on grades up to 4)4 per cent Homer 
says that 

the converging lines seam to indicate that with the new style single 
inlet it would be impossible to take m water on grades of over 7 per cent and 
that this condition is certainly true for any of the sump depths withm the 
range of this test, and within the range of probabihty. This indicates, 
therefore, that for all sloop grades a dtffereni type of inlet is required and an 
mlet with a long openuig seems desuable. 

He has stated elsewhere, 

I think the use of standard mlets at standard locations, without regard 
to the work required of tlicm, is the most common fault in sewer design. 
The street pavement officials usually demand that there shall be no break 
m the curb line at an inlet and no great depression m the pavement or 
gutter. Under these conditions inlets on steep streets, other than those 
at the foot of the grade, are almost useless Our standard opening m 
the eurb is 4 ft long and 8 m high, and only a small proportion of the 
height, 2 to 4 in , IS below the normal gutter line The only solution seems 
to he in the multiplication of these openings, two to four m a senes, and a 
continuous basin behind the curb and under the sidewalk 

Although inlets frequently are located at the angle of mtersection of 
two streets, this is not considered the best practice At this location, 
they are in the hne of heaviest travel which may injure both the inlet 
casting and adjacent pavement, while this position is also unfavorable 
for the rapid removal of the storm water. The resultant direction of 
flow of the intersecting streams is at this pomt away from the inlet 
rather than toward it. The better arrangement is to place inlets above 
each crossing. 

^ Munio dk County Sno I 1010, 57, 147 
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In caae of doubt it is well to remember that the convenience of the 
public IS better served by having too many rather than too few inlets 
What has been said apphes equally well to street inlets and to catch- 
basins, although there is considerable difference between these two 
dasses of structures 

Smee a street inlet affords a direct connection between the gutter 
and the sewer, it is very important that it should be so designed that 
as little opportunity as possible exists for its stoppage The obstruc¬ 
tion may anse through the clogging of the opening (mouth or gully) by 
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Pig 172.—Standard ourbmlot, Lob Angolos, Calif. 


which the water enters, or it may occur in the trap if it has one, or in the 
pipe running to the sewer. The objects which causo the most trouble 
at the opemngs of the inlet are sticks, waste paper, and loaves. If 
sticks become lodged against the opening, the leaves and waste piijier 
drawn to it by the next flush of storm water are likely to cause a stop¬ 
page To avoid this Some engineers have tried the use of openings 
presentmg the least possible obstacle to the entrance of these three 
classes of refuse. 

Where there is much waste paper or leaves, a grating placed in the 
gutter may be of little value in removing storm water as it may be 
closed either partially or completely at the first runoff from the storm. 
It would appear advisable in most cases, therefore, to provide an opemng 
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in the curb adequate to remove the total flow accumulating at the inlet. 
Cleanliness of streets and adjacent sidewalks is a great aid to the success¬ 
ful functioning of inlets during storms 

If the sewers in a district are on self-cleansing slopes except at a few 
points, it may be best to construct grit chambers in the sewers near these 
places in order to keep down the expense of maintenance by forcing most 



Section A~A Section B-B 

Fig. 174.—Standard inlets with gratings, Los Angeles, Calif. 


of the grit to gather in pits whence its removal will be less expensive 
than from the sewers of flatter slopes. 

While an open gratmg is ordinarily used in the gutter at inlets, some 
engineers depend entirely upon the curb opening for receiving the storm 
water The Los Angeles inlets shown m Fig 172 are of this typo. The 
greater depth of (a) is due to the necessity of carrying the outlet drain 
beneath the pavement, which is not the case for the shallow inlet (&). 
Smee aU materials entermg these inlets reach the sewer, self-cleansing 
grades must be used. 
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In Fig. 173 two inlets are used with a single catchbasin which is some¬ 
times combined with one of the inlets. In this standard of the Borough 
of Manhattan, the Type B inlet is shallow and consists of a casting with 
a central supporting nb surmounted by an inlet castmg and grate of the 
usual type The Type A inlet has no opening m the gutter but it can be 
inspected or cleaned through an opemng in the sidewalk closed with a 
standard basin cover. 

Where a larger inlet opening is required, due either to the greater 
amount of runoff to be handled or to a steeper gutter grade, the Los 
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Angeles inlets shown m Fig. 174 may be used, these having an assembled 
grating rather than the usual casting. Another method of providing a 
longer curb opening is by using a multiple curb inlet similar to the San 
Francisco standard (Fig. 176). This shows how the multiple opening 
in the curb may be used with a sin^e gutter gratmg or D-frame. 


CATCHBASmS 

The catchbasin was formerly considered an absolutely essential part 
of any Amencan combined sewerage or drainage system. Experience 
had shown that in many sewei’s the velocity of the sewage was insuffi- 
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cient to prevent the formation of sludge deposits, and it was mani¬ 
festly more expensive to remove this sludge from the sewers than from 
catchbasins. This experience was gamed in days when the pavements of 
American streets were crude and little attention was paid to keeping 
them clean. The sewers themselves were not laid with the present 
regard for self-cleansmg velocities Under such conditions it was but 
natural that catchbasins should find more favor than they do at the 
present time. Durable pavements, more efficient street cleaning, and 
sewers laid on steeper slopes have reduced the need for such special 
structures to a few situations The following quotations show the 
trend of opinion at the present time ' 

We are also of the opmion that the mlets should not bo provided with 
catchbasins to retain the filth or whatever may be washed into them. 
The object of such basins is to mtercept heavy matter and periodically cart 
it away, instead of allowmg it to reach the drains and there to deposit. 
Catchbasms, even after the sewage flow no longer exists in the guttora, 
are still apt to get foul because of the organic matter washed from the street. 
Such foulness is less offensive m the drams than in the catchbasins which 
are situated at the sidewalk and where it is much more likely to bo observed. 
Also, it IS found impracticable to mtercept all matter m the catchbasins 
which would deposit m the drams after they reached the flat grade in the 
lower part of your city The cleaning of the drams would, therefore, 
be necessary m any event, and the additional amount of filth that would 
otherwise be mtercepted by the catchbasins, wiU. not cost much more 
to remove ^ 

Theoretically desirable, catchbasins are, m reahty, among the most 
useless devices employed for the removal of sohd material from sewage. 
They are generally meffective because they are not cleaned with sufficient 
frequency to enable them to serve as traps It seems impraclicnblo to 
keep them clean. To mamtain catchbasins m serviceable condition requires 
much hand labor, and this is costly. The work is usually earned on to the 
annoyance of pedestnans and householders. Some seworngo systoms ara 
without catchbasins and their elimination, as a general procedure, is much 
to be desired ® 

That the sewers built by the Commission might become at once offoc- 
tive m providmg for the disposal of storm water and thus fully useful at os 
early a date as possible, the Commission has built 225 storm-wator inlets, 
of which some have been in the form of catchbasins. Careful oonsidora- 
tion was given to the desirability of buildmg inlets rather than catchbasiiiH, 
as has been the city’s custom for many years. It was felt, however, that 
m this chmate it was unwise to provide pools of water in which mosquitoes 
could breed, as in the case where catchbasins are built, and further that 
under existmg conditions the catchbasms, for the detention of detritus, 
were not neerasary m most casra. It was also found that it was already the 

1 Huhing, Rgdolfh, and Bauuhl M Qrat, Report for Soworago and Droinogo In Bal¬ 
timore 

* Report Metropolitan Sewerage Comnuasion, New York, 1914 
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practice of the Board of Public Works to build inlets instead of catchbasins. 
The inlets as built have been untrapped and the expenence thus far indicates 
that this type of inlet has given satisfaction.^ 

In rural districts the guUy retainers are often allowed to stand full of 
grit for months together, and any such detritus brought down by the 
rain thus runs straight into the sewera If the retamers are not gomg to 
be emptied after each heavy fall of ram they might as well be omitted, as 
they are serving no good purpose, and may even cause considerable odor 
when they are allowed to stand full for long periods In otlier places the 
gullies may only have to take water flowing on large paved areas where 
no mineral matter of any importance can reach them. In such positions 
the retamer merely serves to retain soft matter which would be better m 
the sewers When wo remember that a velocity of flow equal to 3 3 ft. 
per second will carry pebbles m m diameter along a sower, and that a 
flow of 0 7 ft per second wdl remove coarae sand, and that a flow of 0 6 
ft. per second will remove fine sand, allowmg every margm of safety, it 
seems that there can be very httle object in takmg so much trouble to exclude 
the washings of such paved roads. The author does not wish it to be 
understood that he thinks that retainers and traps are generally unnecessary, 
but he considers that there are very many cases in which the traps and 
retainers might be omitted with advantage, and in which the comparatively 
fine grid might be omitted m favor of a larger opening. ^ 

During recent years the increasing mileage of smooth pavements and 
the use of gradients in storm sewers sufficient to provide self-cleansing 
velocities, have made flushing of streets a popular method of cleamng. 
Where this method of street cleaning is used, it is obviously undesirable 
to have catchbasins as these would quickly be filled under the usual 
conditions of flushing, and the remainder of the durfc would be carried 
into the sewer. The material accumulatmg in the catchbaain would 
also be more expensive to remove than if left in the gutter So, since 
much of the solid materials will reach the sewer after the catchbasin has 
been filled, self-cleansing gradients are not less essential because catch¬ 
basins are emplos^ed. Many types of specially designed apparatus are 
now in use for flushmg streets. The horse-drawn flush cart washes more 
of the refuse into the inlets than do the motor flushers, duo to the greater 
quantity of low-velocity water used. With motor flushing, the greater 
force of the water cuts the refuse from the street surface equally weU, 
while the smaller quantity of water is insufficient to transport all of it 
and leaves much of it in the gutter where it can easily be removed ® In 
some cities, as for example, Rochester, N. Y., catchbasins are not used. 

The method of cleaning the catchbasin may bo an important factor in 
its designing. In Chicago, where there are some 130,000 catchbasins and 

1 Bmdbd, J B P., and Haebihon P Eddy, Report to ComnusoonerB of SoweraEo of Louib- 
vlUo, 1013 

* Watbow, H S , "Soworago Systoma." 

■ Am. City, 1022; 27, 300. 
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95,000 manholes to be cleaned (1923) and where motor flushing of 
streets is used, the method of cleamng is by means of a bucket and hoist 
mounted on a truck A small orange-peel bucket which will enter the 
standard catchbaain opemng is used in a number of cities. Another 
effective method of cleaning is by an ejector or eductor mounted on a 
truck and operated from its motor. The catchbaain should be designed 
so that there shall be no interior arrangements that will be damaged in 
this cleaning process; and since with such a bucket, much material is 
spilt about the opening, the catchbaain with opemng in the gutter is to 
be preferred to that opemng in the sidewalk. 

Catchbasins are certain to be used, even m well-managed cities, as 
receptacles for street refuse which should be gathered otherwise. This 
was well stated as follows, by the Metropolitan Sewerage Commission 
of New York in its report of 1910: 

The men of the street-cleaning department wash some of the paved 
streets in certain sections of the city, and during this operation much detntus 
is earned into the catchbasms The custom of pushing street sweepings 
into the basins appears to be qmte general, and, in fact, the basins seem to 
be popularly considered proper receptacles for anytlung that wiU enter the 
openings, including snow in winter. The report of the Buieau of Sewers 
for 1907 states that 9,674 basins were cleaned of snow. Although there is 
an ordinance against putting snow and street sweepings into the basins, the 
magistrates have invanably dismissed the cases when the street cleaners 
have been arrested on complamt of the Bureau of Sewers for violation of 
the ordinanoes. 

While there is not the crying need for catchbasins at frequent intervals 
which was formerly believed to exist, they have their uses where it is 
probable that large quantities of grit will be washed to the inlet and 
if this enters the sewers it is likely to cause obstructions m them. If 
they are used they should be cleaned whenever necessity arises. Clean¬ 
ing should not be neglected until stoppage and the attendant flooding 
occurs, nor should basins be cleaned where there is httle accumulation in 
them unless in localities where the nature of the deposit is such as to 
create offensive odors which may escape from the basm and prove a 
source of annoyance to persons passing or hving nearby. A basin may 
be put out of service automatically when it becomes filled. This is 
accomplished by the old-fashioned basin shown in Fig. 176 which repre¬ 
sents a Providence structure. The feature of this catchbasm is the trap. 
As sediment collects in the catchbaain it reduces the space available 
for water above its top and below the water line established by the lip 
of the trap. Eventually there wiU be very little water capacity, and in 
summer, in prolonged dry weather, the water will evaporate to such an 
extent that odors may arise from the catchbasins. If no odors arise 
and the cleamng gang does not reach the basm in its regular routine, the 
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sediment will gradually accumulate until it overflows the edge of the 
trap, blocking it When this occurs the first heavy storm will give 
undeniable evidence of the necessity of cleaning In this way the trap 



Vertical Section, Manhole Frame* 

Fig. 176.■—Standard oatohbaflin, Providence, R I. 


serves a useful purpose by preventing the escape into the sewer of large 
quantities of silt which might form deposits. Another advantage of this 
basin, due to its trap, is that the water which accumulates in it can be 



Vertical Section* 

I^Q. 177.—Standard oatchbasin, Columbus, Ohio 


bailed by the cleaning gang into the trap and thus delivered directly into 
the sewer, instead of bemg lifted to the top and thrown over the street. 
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The great disadvantage of the trap is its liabihty to freeze in cold weather, 
although it should not be forgotten that the air inside the sewers, which 
will come up to the sewer inlet, will be somewhat warmer than the 
outdoor atmosphere, and the sheltered position of the trap also has some 
effect in reducing the danger of freezing. Where basins are connected 
to storm drains, there wiU be much greater opportunity for the freezing 
of traps. As m all attempts to use traps on catch basms or inlets, the 




Fia. 178 —Standard catchbaam, Newark, N J. 

permanence of the water seal is Very questionable. It will evaporate 
during prolonged dry weather, and it is idle to expect that a sewer 
department will keep all traps filled by means of a hose during such 
seasons. 

The type of catchbasin used in Columbus, Ohio, for many years, 
is shown m Fig. 177 It has two drawbacks, both due to the use of 
vitrified pipe for the elbow It is difficult to believe that such vitrified 
elbows will withstand the hard knocks given to them during the opera¬ 
tion of cleanmg basins This is rough work done as expeditiously as 
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possible, and everything within a catchbasin should be designed to 
witlistand hard usage. A second drawback to the basins for use in 
northern latitudes, is the possibihty that ice will damage the elbow 
The standard Newark catchbasin (Fig 178) is typical of the form in 
which the trap is in the wall of the basin. The standard catchbasin 
of the Borough of Manhattan is shown m Fig. 179. In the two types 



Section A-A 
(b) 

Fio. 179.—Standard catohbaain, Borough of Manhattan, New York City. 


t)f catchbasin here shown, that m (a) has an opening in the sidewalk 
while in (ft) it is located under the gutter with storm water admitted 
both through a gutter mouth and a grating in the gutter itself 
To meet the conditions at a railroad round house, where large 
amounts of cinders and dirt must be excluded from the drain, and 
where the use of a grab bucket for cleaning is especially advantageous, 

' he Tlinois Central Railroad has constructed a catchbasin havmg a 
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screen chamber adjoining, in which is an iron rack over the outlet 
pipe. The arched opening between the basin and the screen chamber 



is below the elevation of the outlet, and forms a trap which is not 
subject to injury by the bucket.^ 


^Eng News-Rec 1028,100, 431 


Fig 180.- —Standard inlet castings, Boston, Mass. 
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The special catchbasina adopted to intercept gasoline and oil coming 
from automobiles and motor trucks are discussed in Vol. II. 

The materials used for catchbasms comprise concrete, brick, and 
stone, the relative merits of the three for any case depending almost 
entirely on the cost of the fimshed structure, since good basins can be 
constructed of any one of them This feature of the subject is discussed 
in greater detail in the chapter on the construction of masonry sewers 
in Vol II. 

Castings.—For many years a great variety of castings for catchbasins 
and inlets have been used. The present tendency, however, is toward 



Merrimac. Concord 

Fig. 181 —Types of oommoroial oatoh-baam covora. 


the adoption of a few standard types designed to meet conditions usually 
encountered in practice. Figure 180 shows the standard inlet casting 
used in Boston where the preference is for rectangular rather than circu¬ 
lar inlets. Although ruts are more likely to form in the pavement 
adjacent to rectangular covers, this shape has the advantages of giving 
a maximum of grate opemng for a given width of casting, and also of a 
greater stabihty against tipping The corners of the support are 
rounded so that the grating cannot be dropped into the basin. The 
D-frame is not as popular as it was formerly, and where it is still used on 
Boston streets the comers of the support are rounded as for the square 
inlets. The adoption of heavier standards for both inlet and manhole 
castings has been made necessary by the increasing wheel loads to be 
supported. A preference still exists for certain types, although it is 
often difficult to secure from an engineer a definite reason for his 
liking for some of them For example, the Concord grate, shown in 
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Fig 182 —Inlet head of Borough of the Bronx, New York Cit\'. 
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Fig. ISl, has been used for many years in New England for inlets in 
the gutters of streets not subject to heavy standing travel, that is to say, 
where the gutters are not likely to have heavy wagons drive into them 
to unload their contents Of all the grates, it probably affords the 
easiest means for the storm water to enter the inlet, provided it does not 
become clogged with leaves, which experience shows have a marked 
tendency to accumulate The North Berwick catchbasin is of much 
the same type except that the head is heavier and there is no entrance 
for water around the rim of the head. 

The Borough of the Bronx uses a cast-iron inlet head shown in 
Fig. 182, which has a curb opening as well as the gutter grate Whatever 
type is adopted should afford an opportunity for securely bedding the 
frame upon the masonry of the catchbasin or inlet, for otherwise it will 
become loosened speedily and m rocking under passing vehicles it will 
destroy the pavement about it. The North Berwick catchbasin frame is 
made for both IS- and 24-in inlets, the Concord grates are made for 6- 
to 24-in inlets, tho Merrimac catchbasin frame is 24 in. square, meas¬ 
ured on the cover, and tho D-frame has a grate 24 m. wide and 26 in. 
long. In some cases tlie cover is in two pieces. 

The material from which the frames and covers are made is rarely 
defimtely specified. If anything is said about it, other than that it 
must be cast iron, tlie requuements are seldom more defimte than that 
it must be of good quality and make castings strong, tough, and of even 
grade, soft enough to permit satisfactory drilling and cutting. It is not 
unusual to note a requirement that the metal shall be made without 
any admixture of cinder iron or other inferior metal, and shall be 
remelted in the cupola or air furnace. The physical test usually required 
is that for the metal entering into cast-iron pipe larger than 12 in As a 
matter of fact, it is not likely that the metal of these castings is often 
tested or that tho castings are inspected at the foundry It is well to 
require thoin to meet the standard specifications for gray-iron castings of 
the A.S T M. (see Vol. II). The only additional requirements which 
are needed to make them apply to catchbasin c.astings are clauses relat¬ 
ing to the coating of the castings and similar minor details The coating 
employed is usually an asphaltum, coal-tar, or graphite paint. 

MANHOLES 

Although manholes are now among the most familiar features of a 
sewerage system, they were not used extensively until some time after 
many large sewers had been constructed They were introduced to 
facilitate the removal of gnt and silt which had collected on the inverts 
of sewers having a low velocity of flow. Before that time, when a 
sewer became so badly clogged that it had to be cleaned, it was custom- 
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ary to dig down to the sewer, break through its walls, remove the 
obstruction and then close in the sewer again, ready to cause the same 
trouble at a later date. The opposition to manholes seems to have been 
due to a fear of sewer air escaping from them, something which is not 
surprising in view of the contemporary accounts of the evil odors from 
defective drams The engineers of the London parishes finally suc¬ 
ceeded in obtaining authonty to construct manholes, after they were 
able to prove that it was much cheaper to remove the grit from sewers 
through them than to break a hole in a sewer each tune it had to be 
cleaned. It was not until later, however, that the value of manholes on 
small sewers became recognized, and the principle became established 
that there should be no change of grade or ahgnment in a sewer between 
points of access to it, unless the sewer were large enough to enable a man 
to pass through it readily. There is one modification of this rule which 
has been permitted to some extent, consisting of the use of a lamphole 
at changes in grade and more rarely at changes in alignment. Some 
engineers omit a manhole when it is closer than 200 ft each way from 
other manholes, and substitute a lamphole Such practice has never 
been general, and the use of lampholes in any situation is not regarded 
with favor by most engineers. 

Manholes are usually placed from 200 to 500 ft apart, but on largo 
sewers, say where the diameter is 48 in. or larger, some engineers are 
using spacmgs of 1,200 and 1,600 ft., since inspections can be more easily 
made or work earned on under less tr 3 ang conditions than with smaller 
diameters. 

After the general acceptance of the prmciple that manholes should be 
placed at changes in hne and grade m small sewers, there was a tendency 
for a time to go to the opposite extreme and put them m at too frequent 
mtervals This is objectionable because of the unnecessary coat and the 
mevitable injury to pavements caused by the presence of manhole 
frames in the roadway. 

The great majonty of manholes are constructed of brick, although 
under some conditions concrete may be used to advantage, particularly 
where a large number are to be bmlt, so that standard forms may bo 
utilized, or where the manholes are very deep, requiring considerable 
masonry The expense of forms, the delay which their preparation 
frequently entails, the difficulty of placing them and of fixing the steps 
in the concrete, and the small quantity of concrete required, usually 
make it more economical to employ brick upon ordinary manhole 
construction. 

In designing manholes, they should be arranged so as to provide easy 
mgress and egress and be large enough for the particular work for which 
they are designed. In some manholes, the clearance opposite the steps 
is not sufficient for a man to pass up or down without considerable 
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difl&culty. On small sewers, there should be room to permit of the 
handling and jointing of the 4-ft. rods used for removmg obstructions 
and cleaning the sewer. There should be room to handle a shovel and 
the bottom should afford footing for a laborer working in the manhole, 
but should drain to the sewer. Manholes on large sewers are sometimes 
arranged so that a boat can be lowered mto the sewer for inspection 
purposes. 

The manholes of small sewers are usually made about 4 ft. in diameter 
when of circular cross-section, or about 3 by 4 ft. when an oval cross- 
section is employed. The same size is usually employed for all sewers 
except when special conditions may reqmre manholes of larger size, as 
when gaging devices must be used at the bottom of the manhole, or it 
is desired to have considerable storage capacity in the manhole chamber 
to enable this to be used to flush a long line of pipe on a flat grade. 
Brick manholes are usually built of 8-in brickwork down to a depth of 
12 to 20 ft., although until recently the manholes upon the Cincinnati 
sewers have been built of a single ring of brick, and possibly this practice 
has been followed in some other places. Below the depth stated, 12 in. 
of brickwork is used as a rule. The sides are usually corned up verti¬ 
cally to within about 5 ft of the top and the upper part is corbelled m 
or laid in the form of a dome. 

In wet and 3 delding material, care must be taken that the unit pres- 
sui’es on the foundation of the manhole and the foundation of the sewer 
are approximately uniform, for otherwise there is danger of a settle¬ 
ment of the manhole, which will break the connection with the sewer. 
If the pressures aro not normally the same, a spread foundation may be 
built to reduce the unit load imposed by the bottom of the manhole. 
When manholes are built in sewers having a diameter approximately 
that of the manhole, the walls of the latter are started directly from the 
side walls of the sewer, as shown in Fig. 190. In the cose of brick sewers 
a ring of brickwork surrounding the opemng should be laid with joints 
approximately radial to the center of the manhole, so as to form a 
cylinder to take the thrust of the sewer arch at the point where it is cut 
away. As a general proposition, in fact, care should be devoted to the 
junction of all shafts with a sewer, for the pressure of the surrounding 
earth is likely to bring unexpected strains on such junctions, which 
cannot be calculated with any degree of accuracy The stability of the 
structure can be assured by avoiding details which will give an oppor¬ 
tunity for the backfiU m settling to impose heavy loads on branches or 
lines of junction where it is difficult to provide extra strength without 
high additional cost. 

Where the sewer is much larger than the diameter of the manhole, the 
outside of the latter is usually tangent to one side of the sewer, for other¬ 
wise it will be difl&cult to enter the sewer and a special ladder wiU be 
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required to reach the invert When the sewer is very large, the whole 
manhole may rest on the steep side of the arch, and care must be taken 
to bond it with the latter carefully. This may be done by having some 
of the bricks in the outer ring of the sewer arch and under the position of 
the manhole walls project out half their length to act as headers. A 
honzontal tread may then be built up with these bricks as a base, and 
the manhole wall started from it Occasionally, on very large sewers, 
the manholes are built entirely apart from the sewer proper and have a 
shaft leading into it, as shown in !^ig 183 

The four manhole bottoms shown m Fig. 184 illustrate somewhat 
different types of design. The Memphis and Seattle bottoms have flat 
lower surfaces while the Concord and Syracuse bottoms have lower 



Pig 183 —Manhole on large St Louie eewor. 

surfaces curved to correspond with the channels through them. Which 
type of base is best adapted for the soil at any site can only be ascertained 
by examination, the saving in material in the second type may be 
counterbalanced by an increased unit cost While the base of ouch 
manhole iUustrated was constructed of concrete, as a matter of fact a 
good sewer mason can lay up bnckwork to form practically any channel 
that may be desired, and can carry the work on very expeditiously, if 
he is BO minded. 

The channels in the bottoms of the Memphis and Concord manholes 
are not provided with high walls, the Concord channel being nearly 
semicircular and the Memphis channel hardly more than that. On the 
contrary, the channels of the Seattle and Syracuse manholes have such 
high walls that they will carry all the sewage until the sewers become 
surcharged. It is now considered desirable to have the walls of the 
channel rise nearly to the crown of the sewer section, and then be 
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stopped in a berm, which is given a slight pitch from the wall toward the 
channel The standard manhole used in Newark, N. J., for many 
years, which is shown in Fig. 185, illustrates this form of construction. 
This manhole also is so narrow that it is difficult to pass up or down the 
steps. The standard Philadelphia manhole bottom. Fig. 186, illustrates 



Memphis. Seattle. 



Concord. 

Pig. 184.— 



Syracuse. 

Typos of manhole inverts. 
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the method of giving a little extra velocity to the sewage leaving the 
branches, by providing a steep grade for the invert within the manhole. 

Changes in size or shape of cross-section of the sewer as it passes 
through a manhole, produce disturbances in flow with accompanying 
loss of head. Chamferiug comers at inlet and exit, and making all 
changes of section by gi’adual transitions, assist in reducing these head 
losses. Carrying the sidewalls of the sewer up nearly to the crown, as 
above mentioned, gives greater uniformity of section at high flows with 
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lower head losses. There is no uniform practice in this detail, however, 
as the location of the berm at the top of this sidewall varies from a point 
mid-depth of the sewer to one level with the crown. Folwell suggests 



Pig 186.—Standard manhole, Newark, N. J. 



Fig. 186. —Standard manhole invert, Philadelphia, Pa. 

a height of at least two-thirds the sewer diameter; San Francisco practice 
is to use three-fourths diameter, while the Newark standard in Fig. 186 
carries the sidewall up to the crown elevation. The latter represents 
the more general present procedure. 










560 


AMERICAN SEWERAGE PRACTICE 


Concrete manholes have been used in Syracuse on concrete intercept¬ 
ing sewers. Two types have been employed. In the fii’st type the man¬ 
hole has a reinforced shell 6 m. thick, running up from, the sewer to 
withm 5 ft of the ground surface, where n funnel-shaped top begins to 
corbel in. The other type of concrete manhole is formed of roinforced- 
concrete pipe placed on end The sections are 4 ft in diameter and 4 ft. 
long, and were constructed like the reinforced-concrete sewer pipe used 
in the same city. 

Double manholes are sometimes used where the sewers and drains are 
so located as to make them convement. The structuro shown in Fig, 
187 was used by the authors for such a purpose on the separate sewerage 
and storm-drain systems of Hopedale, Mass. Each chamber is 5 by 4 
ft. in plan and the dome has a depth of 4 ft. The walls are 0 in. tliick. 

Where underdrains are employed it is sometimes desired to afford 
access to them, and m such cases various expedients are employed. The 
most usual is to divert the underdrain a short distance to one side of the 
sewer, where it passes under the manhole, and to bring up a riser to 
the floor of the manhole. Where an underdrain is dropped along with a 
sewer, as in the drop manhole shown in Fig. 191, some suoh jirovision 
for givmg access to the lower end as is there illustrated, may be iirovided. 

The Lovejoy combmation manhole, quite largely used in IJoston, is 
shown in Fig. 188 The characteristic feature of the dosigii is the storm 
drain, crossing the manhole above the sewer and provided with a large 
opening closed with a removable cover, which can bo held so firmly in place 
that there wiU be no leakage at the joint, even when the drain is 
surcharged. 

Drop Manholes.—The drop manhole, sometimes termed a "tumbling 
basin," has a mild historical interest as beiug the subject of patent 
intimidation and htigation which was an annoying feature of sewerage 
work m the Central States for a number of years In ] 892 a patent 
for the drop manhole was granted to James P. Bates, aild assigned to 
Alexander Donahey, of KirksviUe, Mo Thereafter, whonover a city 
adopted plana for a sewerage system with drop manholes, it was likoly 
to receive a notification of litigation for infringement of the Bates 
patent unless a hcenae fee, usually $10 per manhole, was paid I’lio sum 
demanded was so small that the city counsel usually advised its pay¬ 
ment, although city engineere strongly fought against it. Finally tho 
city of Centerville, Iowa, decided to test the matter in tho ooiirts and 
refimed to pay a hcense ^ Smt was brought, but on Apr. 16, 1907, the 

■ j Keokuk, ruled, before tho dofonso had 

mtroduced Its testunony, that the drop manhole had no patentable 
features That ended the matter. 

The drop manhole shown m Ihg 189 was constructed on. Staton Island 
on a sewer 6 ft. 9 m. by 4 ft 9 m. It hae a 20-in. cast-iron drop .mbed- 
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ded in concrete, for the dry-wcather flow, and it will be observed that the 
general arrangement is such that even in times of heavy discharge the 
flow down this drop pijie probably serves to form a cushion at the bottom 



188.— Lovejoy oombination Fig 189.— Drop manlolG, Staten Island, 

manhole (patented). New York. 


of the manhole, to receive the bulk of the storm-water flow. It may be 
added as a matter of interest that on one sewer on Staten Island there are 
29 drop manholes m a length of 7,883 ft. Figure 190 shows a drop 
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manhole built in Newark, N. J., which is rather unusual on account of 
its location at the head of a large oval brick sewer 4 ft. 3 in. high, into 
which two circular sewers discharge at different elevations. The drop 



Sectional Plan 

Fig, 100,—Drop manhole, Newark, N. J. 


manhole shown in Fig. 191 was constructed at Medford, Mass., under 
the direction of T Howard Barnes. He stated^ that the sub-drain 
inspection hole had been found very convenient; it served as a well 

1 Ena Record, 1807, 86, 472 
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through which to lower the adjacent ground water, when making con¬ 
nections with existing sewers. 

Where sewers, especially small laterals, enter a manhole above the 
invert, there should be no shelf or flat elope upon which solids can accumu¬ 
late and cause offensive odors. Such a sewer should preferably drop 
outside the manhole and enter at the bottom as in Fig 191 

Wellholes.—Deep manholes in which the sewage is dropped a con¬ 
siderable distance from one elevation to another are sometimes called 
drop manholes, although that name belongs to the type just described, 
and they are more frequently termed "wellholes ’’ 



Fig. 191.—Double drop manhole, Medford, Mass 

A wellhole 66% ft. deep from the surface of the ground to the bottom 
of the invert (Fig. 192) was built in 1893 in Petne Street, Cleveland, 
where the roadway was carried on a very deep fill In order to check 
the velocity of fall of the sewage the latter dropped at intervals of 6 
ft. on stone flagging, havmg a thickness equal to that of two courses of 
brick, placed as shown in the illustration. The connection from the 
bottom of the manhole to the 6-ft. culvert, was of a flexible character, 
as mdicated in the sketch, owing to the probability that there would 
be some settlement under the fill in the course of a few years After 
t,biH settlement had occurred it was proposed to calk the joints of the 
connection thoroughly from the inside. Whether tliis was done cannot 
be learned but the structure served its purpose satisfactorily for about 
10 years, when it was abandoned on account of the reconstruction of 
the Petrie Street sewer. 
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Fia. 192—Wellhole, Petne Street eewor, Cleveland, Ohio. 
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Some very deep wellholes have been constructed at Minneapolis, 
in connection with the sewers built to discharge storm water into the 
Mississippi The greater portion of the city served by these sewers 
IS from 80 to 100 ft. above the river Along the river bank is a drive 
and park which made it necessary to build the wellholes some distance 
from the river. For example, the typical wellhole shown m Fig. 193^ 


£/106 0 



Fig. 193.—WoUhole, Minneapolis, Mmn. 


is 340 ft. from the outlet. Where the drop is through hard limestone 
the section is not lined but given a funnel shape, which is advantageous 
in concentrating the sewage in the center of the hned portion of the 
wellhole. This latter has a lining of granite block in a backing of 
concrete, and the outlet sewer from it starts at an elevation which gives 
a deep sump in the bottom of the wellhole, forming a water cushion to 
prevent erosion of the hniug by the falling waters. 


1 Ena Rooord, 1011, 68, 382 
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On some of the tunnel sewers in the Borough of Brooklyn there are 
manholes from 66 to 83 ft m depth into which sewers discharge at 
distances of 25 to 40 ft above the invert of the main sewer below. 
Below these shaft manholes the invert is paved with granite blocks laid 
in Portland cement for a distance of as much as 30 ft. Furthermore, 
although the trunk sewer is in a tunnel at this place, an extra heavy 
bottom is constructed below the shaft and manhole for a length of 
about 14 ft. 

The use of drop manholes and other special details to give a sudden 
drop in grade is not regarded with favor by some designers. For 
example, W. W. Horner, of the St Louie Sewer Department, stated^ 
that 


the tumbhng basin introduces unknown factors into a sewer system, 
which we now think best to avoid, if possible. It is questionable whether 
the basin really acts to advantage under extreme conditions. Such con¬ 
struction is very expensive, for if the sewer is deep enough above the basin, 
it is too deep below, involving excessive excavation, also, if it is supposed to 
check the velocity, much larger sewers are required for the flat grade 
The present practice is to design the sewers carefully at all points and to 
take advantage of aU the natural fall, in order to decrease the size of the 
sewers, then to build them strong enough to take care of the resulting high 
velocities. 

Where sewers are built in deep rock cut, the high cost of excavation 
frequently has led in St. Louis to the adoption of a rectangular cross- 
section for the sewer By making the sewer narrow and high the 
amount of excavation will be materially decreased, but as the ratio of 
the height to the width increases, the section becomes leas efficient from 
the hydrauhc viewpomt, requinng a greater wetted area for the same 
capacity. A number of conditions must be fulfilled in such cases, and 
the best section can only be determmed by a number of trial calculations. 

Flight Sewers.—considerable fall must sometimes be provided in a 
sewer, and while a drop manhole or wellhole always affords a means of 
changing grade sharply, the lower sewer which leads from such a shaft 
may be so deep that any prolongation of it should be avoided if a less 
expensive structure can be made to serve. The flight sewer, which gets 
its name from its resemblance to a flight of stairs, is occasionally used 
in such situations It has a steep grade, but steps in the invert tend to 
check the velocity of the current; the resistance they offer probably 
diminishes with the depth of the sewage, and if the descent is long, 
care should be exercised to ensure massive, durable construction, PTid 
freedom from obstruction to flow at the bottom of the flight, which may 
be seriously strained if the sewer should ever run full. Two examples of 

* Eno NetBi, 1012, M, 426. 
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Sectional Plan on Sponging Line. 

Fig. 194.—Flight sewer, Philadelphia, Pa. 
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bucIl a sewer are shown in Figs 194 and 196, from Engineering Record; 
the first as a small circular channel within the concrete base to carry 
the dry-weather flow while the second has no such provision. 

The flight sewer shown in Fig. 194 is a part of the Indian Rim sewer 
in Philadelphia The total length of this special section is 61 ft, and in 
that distance there is a drop of 24 ft 8 in. The granolithic finish of this 
section was a mixture of one part cement, one part sand, and one part 
granolithic grit On the nsers this mixture was placed against the face 
of the forms m advance of the bulk of the concrete filling, with a mini¬ 
mum thickness of 1 m. After the forms were removed the face was at 


ik'Oalf 



Fiq 196 —Gaging manhole, Liberty, N. Y. 

once brushed with a thin plaster of equal parts of sand and portland 
cement 

Special Manholes.—The gaging manhole shown in Fig. 196 was built 
at Liberty, N. Y., from the plans of Wise & Watson, of Passaic, in 
1900. This manhole is provided with a triangular weir. For a dis¬ 
cussion of the capacities of triangular weirs, see Chap. IV. 

Information regarding other forms of gaging manholoB is given in 
Chap. X, on gaging storm-water flow in sewers. 

A manhole for an unusual purpose is illustrated in Fig. 197,^ and it 
also is of mterest in that it is one of the very few structures where life 
has been lost owing to the harmful effect of sewer air. This structure is 

1 Eng Record, 1909 , 60 , 262 . 
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at tlie end of the Los Angeles sewer outfall where it discharges into a 
wood-stave pipe that carries the sewage 900 ft. out to sea. The old 
sewer outfall was badly disintegrated in places by the sewer air, where it 
did not run full, and this gate chamber was designed to keep the lower 
portion of the conduit under a slight head. It has a gate across the main 
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Fiq. 197.—Gate manhole, Lob Angeles outfall 

central channel running through it, and on each side of this channel is a 
dam or weir. By closing the gate the sewage is forced to rise and find 
an outlet over the crests of the two weirs. One of the engineers of the 
city lost his life in 1909 in manipulating the hand wheel by which the 
gate was raised and lowered. With a companion he moved the gate a 
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number of times, and the companion reported that whenever the gate 
was near its seat the violent rush of sewage below the bottom of the gate 
gave off gases which caused extreme dizziness They were several 
times forced to come to the surface and lie down; the engineer lost 
his life on one of these occasions Instead of leaving the manhole he 
stood partly out of it, his arms resting on the manhole frame and his feet 
on the ladder. Suddenly he was seen to drop, and when his companion 
hurried to the gate chamber his body could be seen resting on one of the 
steep side mverts, from which it slipped into the wood outfall, a few 
days later it was found floating in the water, near the outlet. 

Manhole Steps.—In shallow manholes, steps are sometimes formed 
by leaving projecting bricks at the proper points, about 15 in. apart 
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PiQ. 198.—Types of step forgings for manholes. 


vertically. This is an old practice and while not approved by many 
engmeers, was at one time commonly used Such steps are objection¬ 
able because they are sometimes slippery, when it is difficult to use them 
safely, and, moreover, they are easily broken. 

A Common method of providmg steps at the present time is to con¬ 
struct them of forgings, which are bedded in the brickwork or concrete. 
Three types of these steps are shown in Fig. 198. Sometimos steps are 
formed by straight rods inserted in the masonry in such a way as to form 
chords of the brickwork rmg, with the center of the step at least 4 in. 
from the brickwork. The steps are usually placed from 12 to 18 in. 
apart vertically and somewhat staggered; a number of cities seem to be 
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in favor of a vertical spacing of 16 in. The authors have found the step 
of the type marked "Syracuse” in Fig. 198, satisfactory, but experience 
with it mdicates that the blacksmiths who forge the steps must be 
cautioned to follow the dimensions accurately, for otherwise there will 
be trouble in fitting the steps into the joints of the brickwork. Fig. 
199 shows a cast-iron step used in Boston where the shaft must be kept 
free from any projections from the wall 



Sectional Plan4 

Fig 190. —Caat-iron box step, Boston, Mass. 


On some work that has come to the authors’ attention, it has been 
found that the material used for making forgings for steps has rusted to 
such an extent that the steps are practically useless In one instance 
this condition was found where genume wrought-iron steps had been 
specified. The authors’ present practice (1928) is to use cast-iron steps 
as shown in Fig. 200. 

Manhole Frames and Covers.—It is only withm the last few years 
that the design of manhole frames and covers has been given serious 
attention. The selection of shape, size, or pattern for these castings 
has been based largely upon personal preference which vaned consider¬ 
ably in different localities. This necessitated the carrying of many 
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patterns by the manufacturer, one maker having as many as 2,000 dif¬ 
ferent patterns, sizes, and shapes in his shop This condition of affairs 
prompted the Industrial Association of San Francisco to request the 
Division of Simplified Practice of the Department of Commerce to call 
a conference of interested parties to consider the problem of agreeing 
upon a few standard designs adequate to meet the range of requirements 
usually encountered. At this conference (1924) the objects to be 



attained in the design of castings (particularly for manholes) were 
enumerated as follows Safety, so that covers will not slip off; conven¬ 
ience of repair and replacement, necessitated by the wear from traffic; 
strength sufficient to stand up under increasing wheel loads; freedom 
from rattle and noise; cheapness; possibility of adjustment with the 
wearing down of pavements to prevent uneveness with its accompany¬ 
ing inconvemence to traffic and increased wear on the pavement; 
Bighthness; ventilation to remove accumulating gases so os to increase 
safety of workmen in manholes and sewers, protection again ingress of 
water, especially for manholes used by telephone or eleotrio light com- 
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pames, protection against ingress of lighted cigars and cigarettes, and 
protection by locking devices against removal for dumping of refuse 
into the opening 

It might be added that the cover should be flat and lie in the plane of 
the pavement so that it will not interfere with traffic nor cause excessive 
wear of the pavement. Covers should be interchangeable for conven¬ 
ience in replacmg those lost from theft or breakage. In the Borough of 
Manhattan, with 30,000 sewer manholes, about 1)4 per cent of such 
replacements are required each year. The cover should be corrugated 
or provided with bosses to prevent slipping. Circular tops are in almost 
universal use for sewer manholes. They are inherently stronger than 
rectangular ones, and have the advantage that it is impossible to drop 
the cover into the manhole. 

Frames are usually from 6 to 12 in. in height, depending partly upon 
the type of pavement m which they are to be installed. Practice as to 
clear opening varies widely; a 24-in. cover, allowing 22-in clear opening, 
IS generally satisfactory. It is more convenient to enter through a 
larger opemng, but the coat and the hkehhood of breakage increase 
materially with the size, and comparatively little reduction in opemng 
is practicable. In general, frames weigh from 260 to 600 lb , and covers 
from 100 to 160 lb. 

Manhole frames and covers are usually of cast iron, but semisteel or 
cast steel may be used. T. J. Corwin^ describes tests of large manhole 
covers (28 to 36 in) made for the Pacific Gas and Electric Company, 
which indicate that semisteel is the most advantageous material for such 
large covers. Several designs of cover were te.sted. 

Wear on manhole frames in large cities results in very considerable 
expense for renewals, the cost of labor and of cutting and replacmg 
pavement around the frame generally being of most consequence. To 
reduce this cost to a minimum, the Chicago Sewer Department has 
designed a reversible manhole top consisting of three pieces, a base, curb, 
and lid, as shown in Fig 201. The base is permanent and remains in 
place during repairs. The curb is a reversible nng with vertical sides so 
that it can be removed without damage to the surrounding pavement 
when the top lias worn sufficiently to require reversal. When the 
reverse edge is also worn down, the curb con be replaced for about $6 
plus #6 50 for labor cost. The frame thus has a longer life and its 
replacement is a simple and inexpensive operation causing only slight 
interruption of traffic. 

Due to the large increase in motor vehicle traffic, the old covers, of 
which the sewei' and water departments have about 300,000, are wearing 
out rapidly. Few covers in the downtown distnct last more than 15 
years and it is now the practice to install new ones when pavements are 

1 Trans, Am. Soo. C. E, 1927, 91, 991. 
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relaid. The life of pavements in this district averages 7 years. The lid 
is designed with sufficient strength to carry the heavy wheel' loads. 
Tests made by dropping a 1,200-lb weight on the curbs and lids from 
different heights, showed the reversible type to have greater resistance 
to impact than the standard types. ^ 

The Boston standard manhole frame and cover in Fig. 202 may serve 
to illustrate the usual practice at the present time (1928) in these cast¬ 
ings. The cover is heavier than the older standards and the deeper nbs 
on the lower side make it more difficult for boys to remove since it must 
be lifted clear of these- It is a perforated cover, but the number of holes 



Fig. 201.—Reversible manhole frame, Chioago. 


18 not large The clear opening in the frame is practically 24 in. in 
diameter 

Withm the last 40 years it has been rather common practice to use 
perforated manh ole covers to provide for ventilation. In some designs, 
it appears as though the attempt had been made to provide as many 
holes as possible. Sometimes the perforations were in the bosses, with 
the object of excluding water. In general, the holes were larger at the 
bottom than at the top, to avoid plugging with sticks and dirt. It will 
be noted that the Boston manhole cover has perforations 1 in. diameter 
at the top and in. at the bottom. A recently designed manhole 
cover for M anha ttan Borough* has six 1-in. holes inclined 45 deg. from 
the vertical and so placed that the lower end adjoins a reinforcing ribj 
this is intended to prevent sticks being poked through the holes, unless in 
so short pieces that they cannot obstruct the sewers. These covers were 

^ Ena. Nnos-Reeord, 1922, 89, 028 
• Ena NetD8-Reeord, 1924, 93, 774. 
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Fig. 202 —Standard manhole frame and cover, Boston, 
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designed for a live load of 800 lb per linear inch of tire tread, with a 
maximum concentration of 13,000 lb 

Just how much storm water enters through tlie perforations in covers 
is difficult to estimate, because of the leakage into the sewers from other 
sources. Just before the joint outlet sewer in northeastern New Jersey 
was completed, there was a very heavy storm. There were 126 miles 




Fiq 203 —Locking device for manhole or oatchbasin cover, liofltoii, Mass. 


of sewer m the ss^stem at that time, and about 1,065 manholes having 
perforated covers No catchbasins were connected and no roof water 
was supposed to be admitted According to the chief onginecr, Alex¬ 
ander Potter, as nearly as could be ascertained 3,000,000 gal. of water 
entered the system m 24 h'ours through these covers, or an average of 1.1 
gal. per minute per manhole. 
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So much storm water has found its way into separate sewers in some 
places that there has been a recent tendency to use tight lids or those 
havmg few and small opemngs in an effort to prevent or reduce leakage 
through manhole covers 

The locking device for manhole and catchbasin covers shown in 
Fig. 203 was designed and patented by R J. McNulty, mechamcal 
engineer of the Sewer Service of the Boston Public Works Department. 
The lock is a cast-iron dog hung loosely on a pin, with a lug projectmg 
rearward to engage the underside of the ledge of the manhole frame 
The dog also has an arm projecting forward to form a closure for the 
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Fig. 204 —Locked manhole cover, Philadelphia, Pa. 


opening in the cover. Beneath this arm are three ribs, between which 
are pivoted two J;umblers so shaped that gravity causes them to he 
normally under the ledge of the cover It is then impossible to unlock 
the cover because the tumblers engage the ledge on it and prevent the 
lug on the dog from disengaging the ledge on the frame. The 
unlocking can be accomplished by inserting the two-pronged lift¬ 
ing key through the special hole in the cover, turning it ISO deg 
and then lifting it, which will lift the tumblers and dog, allowing 
the cover to be removed. When the cover is replaced, the dog and 
tumblers fall by gravity into position and lock the cover automati¬ 
cally. The cover cannot be unlocked with a bent wire, hke many lock¬ 
ing covers It is made by the McNulty Engineering Company of 
Boston. Present practice in Boston is toward making relatively deep 
ribs on the under side of the lighter covers so that they must be hfted 
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clear in order to be removed. This is said to be a better guarantee 
against removal by boys than lockmg devices. Many of this type 
have been used in Boston to prevent the dumping of ashes and other 
refuse mto manholes and where the displacement of a cover would be 
particularly dangerous to traffic 

It is sometimes necessary to lock the entrance to a manhole more 
certainly than can be accomplished by any of the catches which are 
used to some extent to prevent the removal of the covers. A cover for 
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the purpose is shown m Fig 204 It is used at the top of a wellhole, 
in Philadelphia, m which a gagmg machine is kept, and immediately 
on top of it rests a manhole frame and tight cover. The locked cover 
is a circular plate 21 in. m diameter, and is supported by two flat 
wrought-iron bars % in. thick, which are bent at each end to fit into 
a hole cut for the purpose in the cover. There is a K-m. hole for a 
Yale padlock in the end of each bar, and two padlocks are used to fasten 
the cover. 

A watertight manhole frame and cover, designed for the sewerage 
system of Concord, Mass., by one of the authors, is shown in Pig. 206. 
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No detailed explanation of this design is necessary, except that the brass 
bolts were equally spaced so that the cover will fit in any of four possible 
positions. Figure 206 shows how a manhole frame and cover of this 
type were used inside a manhole in Louisville, where it was necessary to 
provide against flooding neighbormg lands with water from the sewer, 
when the river into which it discharges is at a high stage. 

Lampholes.—It has been intimated already in several places that 
the authors have not found occasion to use lampholes on their work. In 
cases where they might have been employed, it was considered that the 
additional cost of a manhole was well warranted by the advantage of 
accessibility to the sewer which it presents. It is true that by means 
of mirrors attached at proper angles to a rod lowered into a lamphole, 
with a good light reflected down the lamphole by the nprors, it is 
possible to see something of the condition of the sewers m its vicinity. 
The main use of these shafts, however, is to enable a man to lower a 
hght of some sort down into the sewer, so that an observer stationed at 
a manhole on either side of the shaft can inspect the interior of the pipe. 
It IB frequently stated that a lamphole can be used for flushing, if a 
hose connected with a nearby hydrant is carefully lowered down it; 
this is done m some of the smaller cities having limited funds for sewer 
improvements, as at Paris, Tex, where there are very few manholes 
and the lampholes are frequently used for this purpose. Serious 
obstructions can seldom be removed or dislodged in this way and rodding 
IS, of course, impossible In the opinion of the authors, the best views 
in this and other countnes regarding these lampholes have been well 
summarized by Pruhling in his “Entwasserung der Sttidte,” in the 
following words. 

In order to economize in manholes, these oftentimes alternate with lamfi- 
holes, which are cheaper to constmct and suffice to enable the flow of the 
sewage to bo observed This can be done either by looking down the shaft 
after removing the cover, or a lamp can be lowered down the shaft and can 
be observed from the nearest manhole, either directly or with the aid of a 
mirror. In most coses the character of the flow will afford information 
whether everything is as it should be or a clogging has arisen, and whether 
the cause of the latter is above or below the lamphole. The obstructions 
are removed from the nearest manhole, for the lamphole permits only a 
very shght means of ingress, such as the introduction of a hose. As far as 
the diameter of the lamphole is concerned, from 6 to 10 in is enough, 
according to the depth of the sewer. The shaft consists of vitrified clay, 
concrete, or iron pipe, and more raiely masonry. The frame and cover at 
the top are to be placed in the roadway so that the weight coming upon them 
does not boar on the shaft, which would transfer it to the pipe sewer If the 
lamphole is at a place where a flat grade changes into a steeper one, the cover 
should have ventilating holes. 
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In addition to what is stated in this quotation, it is desirable to lay 
emphasis on the necessity of avoiding any weight on the shaft. Exjie- 
rience shows that even the weight of the riser pipe forming the shaft 
will sometimes break the sewer pipe from which it rises. The disastrous 
experience of this sort at Memphis, mentioned in the Introduction, 
has been duphcated at many other places. Consequently the frame 
and cover, which are made hke small manhole castings, should be carried 
by a ring of concrete or masonry surrounding but not touching the 
vertical pipe. Even with such precautions a lamphole is bound to bo 
a source of structural weakness, and its use should be avoided if possible. 



CHAPTER XVI 


JUNCTIONS, SIPHONS, BRIDGES AND FLUSHING 
DEVICES 

JUNCTIONS 

The earliest discussion of the importance of easy curvature and of 
carefully guidmg together the streams of sewage at a junction, which the 
authors have found, appears in the report of the British General Board 
of Health of 1862, where Roe, best known for his table of the areas 
drained by circular sewers of different diameters, made this statement 

Every junction, whether of a sewer or drain, should enter by a curve of 
sufficient radius; all turns in the sewers should form true curves, and as, 
even in these, there will be more friction than in the straight hne, a small 
addition should at curved points be made to the mchnation of the sewer. 
I may mention a ease or two in illustration In 1844, a great quantity of 
rain fell in a short space of time, overcharging a first-size sewer and flooding 
much property. On examination, it was found that the turns in the sowers 
were nearly at right angles, and also that all the collateral sowers and drains 
came in at right angles. The facts and suggested remedy were reported to 
the Holborn and Finsbury Commissioners, and directions given by them to 
carry out the work. The curves and junctions were formed in curves of 
30-ft. radius, and curves with cast-iron mouths were put to the guUy chutes 
and drains; the result was that although in 1846 a greater quantity of rain 
feU in the same space of time than m 1844, no flooding occurred, and since 
then the area draining to this sewer has been very much extended without 
inoonvenience. In another case, flooding was found to proceed from a turn 
at right angles in a main line of sewers This was remedied by a curve of 
60-ft. radius, when it was found that the velocity of current was increased 
from 122 (os it was in the angle part) to 208 (in the curved part) per minute, 
with the some depth of water. 

With small sewers which it is impracticable for a man to enter, the 
changes in direction as well as grade should be made in manholes, as 
already explained, or at lampholes. If this is not done, there is a risk 
of a stoppage occurring at some point where its location cannot accu¬ 
rately be determined, and if such a thing occurs the only remedy is to 
dig down through the street to the sewer. By the time the obstacle 
has been removed, the sewer repaired and the trench filled, the desira¬ 
bility of avoiding such occurrences in the future will be entirely clear. 
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Where the sewers are large enough to be entered, so that their junc¬ 
tions do not need to be made m manholes, and they come together with a 
horizontal angle between their axes less than about 30 deg., a special 
structure called a junction is required For many years these junctions 
were usually of the type shown in Fig. 207, and were called “bell- 
mouths” or “trumpet arches ” The two sewers are constructed as 
independent channels until the outside lines of their masonry come 
together at the spnnging line of the arches. If they were continued 
beyond this point as independent arches, the tongue forming the 
support for both arches would gradually become thinner and thinner, 
and the roof of the junction would consequently be in danger of falling 
through lack of supporting strength at this point. Eventually the 
tongue would become so thin that even the moat reckless builders would 
not try to carry the roof upon it Accordingly where, at the spnnging 
lines, the outside of the arches come together, no further attempt is 
made to have the upper portion of the confluent sewers independent, 
but a large arch is thrown across the two. At the highest point of this 
arch, just in front of the brick wall which closes the large end of the 
structure, a manhole or ventilating shaft of some sort is frequently 
erected Care should be given to formmg the curves of the invert 
to the correct Imea, because at these junctions there is frequently some 
sedimentation, due to backwater, and the inverts should offer no 
obstruction to the washing away of these deposits by the first storm 
that arises. 

The structure shown in Fig 207 was buUt of brick and stone, but now 
bellmouths frequently are constructed of concrete. Where brick is 
employed and the masons are experienced men, the construction of one 
of these junctions, even when more complicated than that illustrated, is 
not a difl&cult task; while the centers must be strong, they do not require 
the careful finish of a form for concrete, such as the Louisville structure 
shown in Vol II. In any case, however, the prmcipal expense for one 
of these bellmoutlis is the item for skilled labor, either for laying the 
brick or for making the forms. To avoid, so far as possible, any further 
increase in these items, some engmeers have recently turned to flat- 
topped junctions. 

A flat-topped junction constructed in Pittsburgh is shown in Fig. 208. 
It is a structure which was more expensive to build than most of the 
same general type, because it was inserted on an existmg brick sewer of 
large size, which it was desirable to disturb as little as possible. This 
was rendered more easy from the fact that the sewers come together at 
an angle of about 46 deg., which renders unnecessary a long tongue at 
the junction of the invert. The roof, in this case, is a reinforced-concrete 
slab, and the maimer in which the old brickwork has been surrounded 
with concrete, so as to utilize it as fully as possible, deserves attention 
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Fig. 208 —-Flat-top junctioii, Pittsburgh, Pa. 
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The sharp pitch given to the new sewer where it joins the large existing 
sewer also deserves attention, and this feature of design will be referred 
to a httle later 

Where flat-topped sewers are necessary at junctions, and the angle 
which the axes of the two confluent sewers makes is small, it is customary 
for the roof to be carried by I-beams The construction of a junction 
of this sort in Philadelphia may be mentioned as an illustration of the 
general arrangement. There were two brick sewers, 10 and 11 ft. in 
diameter, respectively, which came together with inverts at the same 
elevation. Both were of the brick and rubble type used so extensively 
m that city. The total length of the interior of the junction structure 
was 46 ft. The cross-sections of the invert were worked out in the 
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usual manner. Starting at the springing hne, the walls of the junction 
were run up straight and given a thickness of 3 ft 6 in The minimum 
depth of concrete below the stone block invert was 12 in. The steel 
beams resting on top of the side walls were spaced 3 ft. apart on centers. 
The longest was 25 ft. and was of 24-m, 80-lb section. The shortest 
' was 18H ft. long and was of 18-in., 66-lb. section. Figure 209 is a 
detail of the roof showing the construction. Both the form work and 
labor for a roof of this sort are liable to be less expensive than for 
masonry bellmouths, but the cost of the steel beams may affect the 
total cost of the structure so that it will not be as cheap as one of the 
older types. 

There are certain theoretical features connected with the design of 
these junctions which should always be kept in mind, although it is a 
common experience that it is impossible to satisfy all theoretical require¬ 
ments in work of this nature, and the best the engineer can do is to 
effect a compromise which will result in a structure of ample strength 
and fitness for the average demands of service. These theoretical 
considerations have been summed up by Frhhling as follows: 
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Sewers must be joined in such a way that no decrease in velocity occurs, 
because that will result in the subsidence of the silt and suspended matter. 
It is as necessary to avoid, therefore, a widemng of the channel as the forma¬ 
tion of an obstruction to the flow, and the two channels should gradually 
blend into each other, but with the elongations and grades of the inverts 
BO arranged that the discharges from the mdividual branches have the same 
surface elevation at the point of junction With corresponding rising and 
falling of the sewage in the sewers which are brought together thus, it would 
be possible to base the designs on any proportion of the capacity of the sec¬ 
tions being utihzed, but as the surface of the sewage in the trunk sewer is 
ordinarily proportionally higher than that in the laterals, the engineer is 
compelled to select arbitrarily some proportion of the full capacity, as that 
which will be utihzed, and to remember that an excess use of the capacity 



Fig. 210 —Ssmibola used in Frtlhling's diaoussion. 

will cause the additional height in the trunk sewers to back up the sewage in 
the branches discharging into it (except those discharging close to its crown). 
The smaller the available difference in elevations, and hence the flatter the 
grades, the lower should be the proportion of the full capacity which is 
chosen as the basis of the design, but it must not be below a proportion 
which corresponds to the discharge of the average dry-weather sewage, in ' 
order that the backwater may be limited to the periods of flow of the maxi¬ 
mum dry-weather sewage and of the storm water With hotter grades, the 
design can be baaed on larger volumes of water, such os the maximum dry- 
weather discharge or a definite dilution of it by storm water; the upper limit 
corresponds to the runoff of heavy storms In this cose, assuming that the 
sewers run full, the crowns of the sewers are to bo brought to the same 
elevation but the inverts will be at different elevations, depending upon tho 
heights of the different sewers In all lower stages, the sewage in the 
branches will enter the trunk sewer through a short section having an 
mcreased grade. 

The length I (Fig. 210) of tho junction, depends upon tho radius r and 
the width 6 of the branch sewer, the increase m width m of the trunk sewer, 
and the th ick n ess of the masonry s at the junction. Then 
= (r + 6 + 0.6fi)* - (r + m)^ 
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This shows that a change at the junction to a section of greater width, as 
from an egg shape to a semielhptical shape, reduces the length of the junc¬ 
tion. So far as the value of r is concerned, it is never taken at less than 
66 in the better class of designs; the resistance to the flow of the sewage 
increases as the radius decreases, but the resulting loss in fall is shght. 

In large cities, the junctions are not always such simple affairs as 
those shown in Figs. 207 and 208. In Fig. 211 a complicated junption 
in Philadelphia is illustrated. Here there is a bnck sewer 9 ft m diam¬ 
eter crossing a brick sewer 8 ft. 3 in. in diameter, and the problem was 
to put in junction chambers and separate sewers in such a way that the 
course of the larger sewer, beyond this intersection, would serve as a 
relief for the storm water from the smaller sewer, and that the dry- 
weather sewage in the latter would flow into the channel which would 
also carry away the dry-weather sewage from the former This was 
accomplished by four junction chambers and two 30-in cast-iron pipe 
sewers, shown in the illustration It will be observed that a very large 
proportion of the section of the 9-ft. sewer will be utihzed before there is 
any discharge from it into the overflow sewer, while in the case of the 
8 >^-ft. sewer everything that is not dry-weather sewage will immediately 
be discharged into the overflow outlet. 

Hydraulic Considerations.—^Velocities of flow in sewers usually are 
not high enough so that it is necessary to give special consideration to the 
hydraulic features of transition structures at junctions. If reasonable 
care is taken to avoid sudden enlargements and contractions and to 
make changes of direction by smooth and reasonably flat curves, no 
difiiculty is lilcely to develop The condition is radically different, 
however, when high velocities are involved, say, of over 6 or 8 ft. per 
second. In such cases, the theoretical position of the flow line from 
point to point should be computed (by the application of Bemouilli's 
theorem) and the design of the structure should be changed, if necessary, 
to obtain a smooth curve for this Ime, tangent to the water surfaces at 
each end of the transition.^ 


SIPHONS 

Unfortunately, there are not two words in the English language to 
make a sharp distinction between what we caU inverted siphons, 
“Dtiker” in German, and true siphons, "Heber,” in German. Conse¬ 
quently, engineers frequently speak of siphons when they mean inverted 
siphons, and considerable confusion sometimes arises on this account. 

Where a conduit has a U-form m its profile between two points, that 
is to say, is provided with a descending and then a rising leg, it forms an 

1 Valuable RuanestlonB will be found In a paper on "The HydrauDo DealEn of Flume and 
Siphon TranBltions" by Julian Hinds, Trans. Am Soo C. B,, 1928, 62, 1423 
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inverted siphon This may or may not have such a bend that the liquid 
in the bottom will always seal the legs like a trap. Where there is no 
such seal, the inverted siphon is commonly spoken of as “incomplete;'’ 
a complete inverted siphon is really a large trap, duplicating on a great 
scale the apparatus so familiar on a small scale in plumbing The 
inverted siphon is therefore a length of sewer which is below the 
hydraulic grade Ime and consequently is under pressure. 

A true siphon, on the other hand, consists of a rising leg followed by a 
falling leg, the two having an A-form and seiwing, by utilizing atmos¬ 
pheric pressure, to raise water above the hydraulic gradient between two 
points on a conduit. The siphon must dischai-ge at a lower elevation 
than that at which the bquid enters it, and the maximum theoretical 
height over which the siphon is able to lift water is (34 — h) ft, where 
h is the head in feet necessary to overcome friction and other resistances 
in the conduit If air or gas collects at the summit of the siphon, it will 
eventually interrupt the service, and on this account various devices are 
used to guard against this danger. This is particularly important in 
the case of siphons operating with sewage, because of the tendency of 
gases to be given off by the sewage as the pressure to which it is subjected 
becomes reduced, toward the summit of the siphon 

Inverted Siphons.—In order to prevent the deposition of suspended 
matters in inverted siphons, it is desnable to maintain as high velocities 
as possible, say 2 to 3 ft. per second for domestic sewage and 4 to 5 ft. 
per second for storm water where conditions will permit. This is 
accomphshed by co nfini ng the flow to one or more restricted channcLs 
and allowing a steeper hydrauhe gradient through the siphon. In some 
cases catchbasins or grit chambers have been built just above sijihons, 
but these are troublesome to clean and the material removed from them 
is usually offensive The operation of siphons should be inspected 
regularly and, if necessaly, they should be cleaned by flushing or scrap¬ 
ing Flushing is accomplished in various ways, depending upon the 
available facihties and surrounding conditions. If there is a piimiiing 
station above the siphon, flushing may sometimes be accomplished by 
increasing the pumping rate, automatic flush tanks may bo installed at 
the head of the siphon, sewage may be backed up in maiihole.s behind 
gates or stop pla nk s and so discharged as to create a high velocity; or the 
opemng of a blowoff at the low point of the siphon may iiiduco the 
required velocity The siphon may also be cleaned by rodding or 
scrapmg after drawing down the sewage through valves opening into a 
sump, as m Fig 213 

Manholes or cleanout chambers should be provided at each end of a 
siphon, to give access for roddmg, pumping, and, in the case of pipes of 
large size, for entrance. There is objection to the introduction of 
intermediate manholes on an mverted siphon in such a manner that the 
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sewage will be free to rise in them, since grease and other scum tends to 
fiU up such a shaft with a sohd plug. They are advantageous, however, 
if the sewage be confined within the siphon as it passes through the man¬ 
hole, affording access or means of ridding the siphon of deposit, through 
a gated connection or similar device 

Smce an inverted siphon is subjected at all points of its cross-section 
to an inner pressure, the walls may be intension, although the tension may 
be neutralized by external water pressure or by the pressure of earth. 
On account of these tensile stresses, inverted siphons usually are con¬ 
structed of steel, iron, reinforced-concrete, or wood-stave pipe heavily 
banded, though vitrified pipe has sometimes been used successfully under 
a small head or if the pipe be encased m concrete. 

The computation of the sizes of pipe for inverted siphons is made in 
the same way as that of sewers and water mains. The diameter 
depends upon the grade and the maximum quantity of water to be 
carried. The latter is affected, in the case of inverted siphons under 
nvers, by the presence or absence of a storm overflow before the 
inverted siphon is reached, and on the degree of dilution of the sewage 
before the overflow outlet comes into service The head or drop in the 
hydraulic gradient will equal the sum of the friction head, the head lost 
at bends and at changes in cross-section, and the lose in velocity head 
involved by the variations in velocity. 

Practical experience has shown that where siphons are built of unduly 
large size they soon silt up to a pomt where the reduced section will 
increase the velocity of flow through it to a point sufficient to mamtain 
the section. To overcome this difliculty, experience in this country has 
dictated the advantage of using several or multiple pipe hnes, instead 
of one pipe for the siphon, arranged in such manner as to throw addi¬ 
tional pipes progressively into action with increase in discharge of the 
sewage. 

English authors have emphasized the importance of ventilating long 
inverted siphons, asserting that otherwise the flow may be interfered 
with by accumulations of air or gas, but American sewerage practice 
does not seem to have developed such difficulties. 

Care must be talcen that inverted siphons built on or under river beds 
have sufficient weight to prevent their flotation. 

As an illustration of the principles of design, a problem is given that 
was encountered in the authors’ practice, involvmg the design of an 
inverted siphon of several pipes to replace an existing single-pipe siphon 
which had given trouble from sedimentation due to low velocities. The 
length of siphon was 440 ft. with an available fall of 3.2 ft. and a maxi¬ 
mum depression of 9 ft below the hydraulic gradient The 30-in. 
concrete sewer feedmg the siphon is on a slope of 0 0037 and has a maxi¬ 
mum capacity of about 25 cu. ft per second. The rmnimiim sewage j 
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flow to be provided for is 4 cu. ft per second, with a maximum dry- 
weather flow of 13 cu. ft per second 

Allowing 0.4-ft. loss of head m the inlet chamber, the available slope 
for the siphon is 0.0064. Local conditions indicate economy in the use of 
vitrified pipe encased in concrete Three pipes are provided: a 15-in. 
to carry the minimum flow, a 20-in. which in conjunction with the 16- 
in. will carry the maximum dry-weather flow, and a 22-in , the combined 
capacity of the three pipes being equal to the ultimate maximum that 
can reach the siphon. 

A type of inlet chamber (Fig. 212) smtable in this instance has the 
invert of the pipe which carries the low flows contmuous with that of the 
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Fig 212 —Inverted siphon inlet and outlet ohambera. 


30-in gravity sewer; one side of the latter is cut down to the elevation 
of that depth of flow which equals the discharge capacity of the 16-in. 
pipe. With a greater discharge, the excess flows over this wall into the 
20 -in pipe. The other side of the 30-in. sewer is cut down to a higher 
elevation representmg the depth of flow m this sewer when the combined 
capacity of the 15- and 20-in sewers is reached. Discharges in excess 
of this amount pass over this wall mto the 22-m. pipe. The heights of 
these two walls are 8 and 16 in, respectively. 

These sidewalls will be submerged during periods of maximum flow 
and should not be considered as weirs but as obstructions causing loss of 
head in passing the desired quantity of sewage over each. Since this 
flow is at right angles to the direction of flow m the approaching sewer. 
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this loss may be taken as the head required to produce the necessary 
velocity across the top of the wall, assuming the energy of velocity of 
approach to be lost in the change of direction Assummg a length of 
overflow of 7 ft., the sewage to be earned by the 20-in. pipe will flow 
8 in. deep over the wall and a velocity of 2 0 ft per second is built up 
requiring 0 06-ft. head to produce it. After passing over the wall, 
building up the velocity of 4 3 ft. per second desired in the 20-in. pipe 
will require 0.29-ft. head, making a total head loss of 0 35 ft. while the 
assumed loss was 0 4 ft. Similiarly, the head loss over the wall, and 
building up 4.3 ft. per second velocity in the 22-in sewer, will be 
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Fig 213 —Inverted Biphon on Middle Fork trunk sewer, Louisville, Ky. 


0.03 + 0.29 = 0.32 ft., so that no revision of available slope through the 
siphon is necessary. 

At the lower end of the siphon, the junction of the three siphon pipes 
with the 30-in. gravity sewer should be so designed as to reduce the 
opportunity for eddies to carry sediment back mto those pipes which are 
not at the moment operating, but which are full of standing water. This 
is especially important in the case of the 22-in. pipe, which will not be in 
operation except at unusual rates of flow. It may be accomplished by 
maintaining the three pipes, or the corresponding channels within the 
junction chamber, as nearly up to the point of intersection as possible, 
to avoid poohng and reduction of velocity in the chamber. As a further 
precaution, the outlet of the 22-in pipe (least frequently required) may 
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be raised so that the invert of its channel has a sharp forward pitch 
toward the intersection The crown of the pipe must not, however, be 
raised above that of the 30-m. sewer, or it will he above the hydrauhc 
gradient. 

This solution has been used in the outlet chamber of the siphon shown 
in Fig. 213. Here, the 18-m. pipe, which is the last to come into service, 
and which flows full only when the 30-m. sewer into which it dischargee 
also is flowing full, is elevated till its crown is continuous with that of 
the 30-in. sewer. It would have been possible to elevate the 16-in 
outlet similarly so that its crown elevation coincided with that of the 
water surface in the partially fllled 30-in section at the depth necessary 
to carry the combined discharges of the 8-in. and 16-in pipes 

The inlet chamber includes a sump, or well, into which the siphons 
may be drained through 2-in brass stop cocks, preparatory to removing 
the flanges should the pipes require unstopping or inspection Stop 
planks in the inlet and outlet chambers prevent inflow of sewage during 
this operation. Where possible, at least 6 ft. clear headroom should be 
provided in both inlet and outlet chambers. 

It sometimes becomes necessary to msert an inverted siphon in an 
existing sewer when some underground structure is to be built across 
its course. Frequently, a readjustment of the sewer gradient is not 
feasible and the additional head required will be derived from a nse 
in the upstream water surface. This increases the tendency toward 
deposition of sohds in the sewer thus affected by backwater, and it may 
be necessary to require frequent inspections and flushing as occasion 
may demand. The construction of subways has necessitated the pro¬ 
vision of many such inverted siphons which have been operated success¬ 
fully The first structure of this tsqpe, built in connection with the 
New York subwajrs, was at 149th St and Railroad Ave and was placed 
m service in February, 1902 An example of this type of structure is 
seen m Fig 214, which is taken from an admirable report^ on “Inverted 
Siphons for Sewers ” This siphon is on a combined sewer and provides 
a 12-in cast-iron pipe for dry-weather flow and 48-in. circular concrete 
pipes for ordinary storm flows, while the excess at times of extreme flow 
IS carried over the top of the subway by an overflow channel measurmg 
3 ft 6 in by 4 ft. 9 in. 

Figure 215, which shows a structure on the sewerage system of 
Louisville, Ky., is mtroduced to illustrate the manner in which a bypass 
can be constructed to discharge the sewage into a neighboring creek or 
other body of water when the inverted siphon requires cleaning. This 
structure includes two 12-in. iron pipes carried under the creek on the 
same invert grade as that of the sewer. In addition to these, there is 
provided a 36-in. iron pipe dipping down from the grade of the sewer 

^Jovr Boston Soc. C S, 1921, 8. 237, also Munxe. Engrs. Jour., March, 1917. 





















JVq. 215 —^Inverted aiphoa at Loxiiaville, Ky. 
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beneath the bottom of the creek. This pipe will act as an inverted 
siphon, but will not be put into use until the flow in the sewer exceeds 
the combined capacity of the two 12-in. pipes At each end of the 
crossing there is a concrete chamber giving access to the siphon to 
facilitate cleamng when it is found to be necessary. There is also an 
emergency outlet to the creek, through which the sewage may be 
turned when the siphon is being cleaned or repaired. A sluice gate in 
the outlet chamber makes it possible to shut off any backwater from 
the interceptor at such times. The concrete protection of the pipes 
has its top on the level of the bottom of the creek. 

A longer stnicture, also on the Louisville sewerage system, is shown 
in Fig. 216. This is on the line of a 48-in sewer and consists of vitrified 
pipe encased in concrete At the inlet chamber, the arrangements are 
such that any one or two or all of the pipes may be put in service, 
according to the quantity of sewage flowing It was the intention of 
the designer to confine the entire flow to the 18-in. pipe so long as the 
quantity of sewage did not exceed its capacity, and then to substitute 
one of the SO-in pipes. Other changes can be made from time to time 
so as to provide the necessary increase in capacity to meet the growth of 
the city. The entrance to each pipe is controlled by a sluice gate set m 
the masonry and also by stop planks and overflow chambers, so that m 
case of emergency the sewage wiU flow automatically into a second or 
third pipe when the one in use is overcharged. Provision is also made 
for an automatic overflow into the neighboring creek, and if it is neces¬ 
sary the entire discharge of the sewer may be turned for a short time 
through a 30-in blowoff conduit into the creek. At the outlet chamber, 
afiy or all of the pipes can be closed by means of stop planks 

At the lowest point of this siphon a third chamber is provided for the 
purpose of draining and cleamng any of the pipes. For this purpose, the 
sewage is drawn off into a sump and then pumped into the creek, 
after which a section of the pipe 4 ft. long can be removed and the line 
running from it to either chamber can be cleaned in the usual way. 

There are several river crossings on the sewerage system of Concord, 
Mass., each consisting of a line of 12-in. cast-iron pipe At the head of 
two of these there are flushing chambers for accumulating sewage and 
discharging it mtermittently m large quantities in order to keep the 
pipe clean. Each chamber is built of brickwork and has a dome roof 
as seen in Fig. 217; one is 20M ft in diameter and discharges from fifteen 
to twenty times in 24 hours, and the other is lOH ft- in diameter and 
discharges eight to ten times in 24 hours The chambers are emptied 
by means of Yan Vranken automatic siphons. 

There are a number of inverted siphons crossing Paxton Creek in 
Harrisburg, Pa., in order to deliver sewage to an intercepter built in 
1903 from the plans of James H. Fuertes. The connections at both endc 
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of these siphons are shown in Pig. 218.^ At the inlet end of each, a 
section of the existing sewer was taken out of sufficient length to permit 
the construction of a new manhole, sump, and connection with a silt 
basin. The dry-weather sewage as it comes down the old sewer runs 
down a cast-iron pipe leading from the sump in the sewer invert to the 
silt basm, which has a depth depending upon the conditions encountered 
at each crossing. The two outlets from this basin are 3H and ft. 
above its bottom, and the sewage flows through them and down under 
the creek in two hnes of cast-iron pipe, rising at the other side in a shallow 
manhole, from which it is discharged into the interceptor through a 
cast-iron drop pipe. The sewers are on the combined system, and 
the entrances to the inverted siphons were designed to permit the 
greater part of the storm flow to pass directly into the creek through 
the old outlets, flap gates being provided just beyond the sump to 
prevent backwater from entering the interceptor in times of flood. 
These gates were made of cypress lumber in order to secure lightness, 
and were faced with rings of steel where they bore upon the cast-iron* 
frame. Each gate was hung on two wrought-iron straps extendmg its 
entire width and sunk into the lower side of it. After the gate had been 
hung and closed, the face joint was made by pouring lead mto a groove 
left in the face of the frame for that purpose. 

The sump at the mtake end of the inverted siphon, tlirough which 
the sewage enters the silt basin, is protected by a cast-iron grating. The 
outlets from the silt basins are provided with cast-iron hoods to prevent 
floating matter from gettmg mto the inverted siphon, and sluice gates 
at the bottom of the basin afford means for cleamng the pipes The 
two pipes under the creek umte at the discharge end in a manhole, from 
which the sewage flows down a cast-iron pipe into the interceptor. 

An inverted siphon shaped hke a Venturi meter to prevent deposition 
of suspended matter by an increase of velocity without appreciable loss 
of head, has been built on the Thirty-ninth Street conduit under the 
Illin ois and Michigan Canal in Chicago. The top of the conduit 
required lowering 10 ft. to permit the necessary 4 ft. 8 in. of water in 
the canal. The section of the conduit was gradually changed from an 
ellipse on end, 14 ft. high and 12 ft. wide, to one on its side, 9 ft high, 
and then back again. The throat section of the siphon is about 65 
per cent of the full section, and it was estimated that the loss of head 
would be less than 0.03 ft, while the velocity would be mcreased to 
about 3 ft per second, which was considered a transporting velocity 
for the material likely to reach that point. The inverted siphon is 200 
ft. long, and constructed of 12-in thick, 1 21>^:6 concrete reinforced 
with H-in. steel rods forming hoops 6 in. apart and longitudinal ties 12 
m. apart. 

>■ Eno Record, 1902, 46, 341. 




Fio. 217.—Flushing ohamber, Concord Inverted siphon 
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Section F'F. Section B-B. 

Fig. 219.—Inverted siphon on Btorm-Tvaler dram, Baltimore, Md. 
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A typical short inverted siphon is shown in Fig. 219. It carries 
the contents of a large drain under the outfall sewer at Baltimore, and 
has two 6-ft circular conduits and one 14-in pipe, all ending on each side 
in an enlarged chamber. The upstream end contains two grit wells, 
separated by a wall rising 2H ft. above the bottom of the invert of the 
sewer. Either gnt well can be shut from the sewer at the height of this 
division wall by means of stop planks. The ends of the grit wells 
toward the inverted siphons are closed by curved dams, the tops of 
which are 1 ft. below the top of the division wall. The 14-in. cast-iron 
pipe is in the center line of the sewer and can be shut off from connection 
with either grit well by stop planks between the division wall and the end 
of the curved dam. The intake of the 14-in. pipe is IK ft. below the 
crest of the dam and 2K ft. below the top of the division waU. In 
ordinary operation the pipe carries the flows, and when these exceed 
its capacity, the sewer discharges into one of the 6-ft. siphon pipes over 
the dam at the end of one of the grit wells. Should the storm become 
more severe, the 14-in pipe and both 6-ft. conduits wiU be put in opera¬ 
tion. The normal arrangement is to place stop planlcs across one 'end 
of one of the grit wells and between this grit well and the opening of the 
14-in pipe. The sewage then flows unobstructedly to the other gnt 
well and into the 14-in. pipe. When it rises high enough, it overtops 
the dam at the end of the grit well left open, and, when it rises 1 ft. 
higher, overflows the stop planks at the head of the other grit well and 
division wall and discharges through both of the inverted siphons. 
On account of the custom of sweeping street refuse into the storm-water 
drains, the structure is required to work under trying conditions, but 
it has operated successfully since its completion. 

True Siphons.—One of the oldest true siphons in a sewerage system 
crosses the St. Martin canal in Paris At this place there is a masonry 
arch bridge, the Pont Morland, and the siphon is attached to one face 
of it, forming a semicircle with a diameter of 62K ft. Its crown is a 
little more than 26K ft. above the sewer leading to it. The gases which 
are given off from the sewage rise to the top and are led away through a 
riser 49.2 ft. high, from which they are drawn by an ejector worked by 
water admitted and shut off at the right times by a float. The siphon 
can be put in operation by moans of the ejector in about 6 min., so that 
any serious inteiTuption in its service is regarded as unlikely French 
engineers have made tests of tliis siphon, which have shown the surprismg 
fact that with a velocity of flow of 3 9 to 4.9 ft. per second, the collection 
of gases at the crown no longer takes place. 

It is generally believed that the first sewage siphon in the United 
States was constructed at Norfolk, Va., about 1885 It is a cast-iron 
line 14 in. in diameter, and about 1,900 ft. long, which was built by City 
Engineer W. T. Brooke to avoid troublesome and expensive trench work 
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in quicksand. The outlet end is provided with a return bend, which 
prevents the siphon from becoming unsealed, and at the summit there 
IS attached a 2H-iu pipe through which accumulations of gases and air 
are removed by means of an air pump at the sewage pumping station. 
In regard to the operation of this siphon Norman Z. Ball, Engineer, 
Division of Water and Sewers of Norfolk writes (1927) as follows 

The only trouble we have had m the operation of this sewer of which I 
know, occuired about 3 years ago. We had trouble maintaining our vacuum 
on the siphon so we installed a new vacuum pipe but this failed to correct 
the trouble. We then began sounding along the main siphon and eventually 
located two points at which air was leaking into the siphon. On taking 
out these two sections we found that the sand flowing along the bottom of 
the pipe with the sewage had worn a V-shaped groove entirely through the 
cast iron On replacing these damaged sections of pipe, the siphon was 
restored to service and has worked satisfactorily ever since. 

The best-known siphon is probably that constructed at Breslau in 
1885, to carry the sewage of a population of about 5,000 people from an 
island in the Oder to the right bank of that river. It is hung from the 
superstructure of a bridge and is 493 6 ft. long and 6.9 in. in diameter. 
The highest point of the siphon is at the end of the bridge, and from it 
the descending leg drops down into a water seal in the bottom of a 
manhole At the summit there is a chamber in which the gases are 
collected. As these gather, the level of the sewage in the chamber 
gradually falls and finally it reaches such a point that a float inside the 
chamber operates a water-driven ejector, which sucks off the gases and is 
finally closed by the rising of the float This siphon, which was the first 
of several of the same type in Breslau, although expensive, proved an 
economical substitute for an inverted siphon which would have been 
very costly on account of local conditions. 

Extensive use is made of siphons in Potsdam, where one of them has 
been employed, in fact, as an intercepting sewer At each pomt of 
interception the dry-weather sewage is discharged into a chamber, where 
it first deposits any silt or sediment in a sump, and then passes over a 
wall and through a screen into the bottom of the rismg leg of a siphon. 
At the mouth of this siphon there is a sliding valve operated by a float, 
and somewhat higher in the rising leg there is a ball valve The float- 
valve closes the siphon whenever there is a chance that the sump will be 
drained completely of sewage, and the ball valve is an assurance against 
the entrance of air. The gases and air are forced out of the siphon by 
water injected under pressure into the summit In order to accomplish 
this the two legs of the siphon must be closed, which is done by means of 
the valves already mentioned at the inlet end, while at the outlet end, 
which is at a pumpmg station, a valve is shut by the attendant before he 
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admits the water under pressure into the siphon pipe. The details of 
the air-removing chamber at the summit have been worked out so that 
as the gases are put under a fairly heavy pressure, they hft a heavy valve 
and escape through small opemngs into the air As they escape a float 
rises on the hquid which replaces the air. This float carries a vertical 
rod with a needle point at its upper end. When the float has risen to the 
maximum position, this needle point enters the orifice through which 
the gases escape, and closes it. This closes the passage so that the 
heavy valve at the top of the passage falls back on its seat. The attend¬ 
ant at the pumping station observes, by means of a pressure gage, 
when this takes place, and shuts down the maclunery which puts the 
siphon under pressure. There are three points where intercepting 
sewers discharge into one of these siphons on the Potsdam sewerage 
system. A description is given in Frlihhng’s “ Entwasserung der 
Sthdte." 


SEWER BRIDGES 

The use of bridges in connection with sewers has been fairly infrequent, 
particularly in the Umted States. The difficulty has been the strong 
objection to the use of true siphons for such crossings, and the fact that 
it is rarely possible to support a sewer from a bridge structure unless it is 
carried up from its position in the street to about the level of the roadway 
of the bridge, thus forming a siphon. 

A river crossmg on the joint outlet sewer in northeastern New Jersey, 
built from the plans of Alexander Potter, is shown in Fig. 220 This 
is such an elementary structure that it is hardly suitable to speak of it 
as a bridge. The 42-in cast-iron pipe is supported on posts made of 
pairs of rails embedded in concrete piers 4 ft deep and 7 by 4 ft in plan. 
There is one of these supports for each length of pipe. This construction 
was employed in order to minimize the obstruction to the stream flow 
and secure the greatest possible clearance between supports. It will 
be observed that the river channel at this place was widened consider¬ 
ably so as to afford a greater waterway. A more elaborate structure on 
the same sewerage system is shown in Fig. 221. 

A reinforced-concrete sewer bridge was constructed at Morristown, 
N. J., to carry a 2-ft. sewer across a stream at a point at which there was 
not sufficient head available to permit the use of an inverted siphon. 
The stream is flashy and consequently the channel was widened at tlie 
site of the bridge and the crossmg was made in three spans of 33 ft each, 
giving a clear width of 99 ft. There was some possibility that the 
structure might be widened and used as a highway bridge, and accord- 
ingly the girders were made heavier than would otherwise have been the 
case The cross-section of the bridge has a width of 4 ft. and a depth of 






Etevortion. 

Fig. 220.—Sewer bridge, joint outlet sewer, New Jersey. 
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32 in. Tlie 2-ft. sewer is in the center This permits the design to bo 
regarded as a pair of gKders 12 in. wide and 32 in deep. This bridge la 
said to have cost about 20 per cent less than the bids for a structure 
consisting of an iron pipe suspended between steel girders 
A 4H-ft sewer is carried across a canal in Denver, Colo , by means 
of a reinforced-concrete bridge, 44 ft long, with a clear span of 40 ft. 
In cross-section it is 4 ft 8 in high and 7 ft. 6 in. wide. The circular 
4H-ft. sewer is located so that there is 6 in. of concrete below the 
vitrified-brick invert. This gives a cover of about 5 in. above the 
crown of the section, the top of the bridge having a transverse slope, 
each way from the center, of about 1 in. The structure is reinforced 
on each side of the sewer as if both sides were beams, and the total 



Fig 221. —Sewer bridge, joint outlet sewer, New Jersey. 

dead load of the span is 93 tons. The design was made by H. F. Mery- 
weather,^ who considers that a needlessly heavy and strong structure 
was built. 

A reinforced-concrete structure of a somewhat lighter character was 
built in Los Angeles m 1907, to carry a 30-in. cast-iron pipe sewer across 
the Los Angeles River. On each side of the pipe is an 18-in. 55-111. steel 
I-beam wrapped thoroughly with Ko-in wire surrounded with con¬ 
crete Every 36 ft. these beams rest on a reinforced-concrete pier 
which is supported on two reinforced-concrete piles. Every 12 ft. the 
pair of be am s are connected by a reinforced-concrete diaphragm which 
forms a support for the pipe 

A box-gu-der sewer approximately 22 in. wide and 34 in. high was con¬ 
structed m 1910 in St. Louis, across a ravine which it was expected to 
fin within a few years, but it would take so much time for the fill to 
settle thoroughly that it was deemed inadvisable to delay the construo- 

1 Eno JVflws, 1912, 66, 272. 
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tion of the sewer on that account. The design adopted for this project 
was a hollow concrete girder of two 36-ft. spans with a central pier.^ 
The girder was designed to carry the weight of the concrete, the sewage, 
and a tnangle of earth on top of the sewer, 3 ft. high. This last provision 
was to allow for the load which might come on the sewer when the 
ravine was being filled and before the fill had compacted enough to carry 
the weight of the sewer. 


FLUSHING DEVICES 

The primary purpose of flushing is to permit sewers to be laid on flat 
grades which, while producing adequate velocity to give the desired 
capacities at the depths assumed in the computations, are not enough 
to give at other depths velocities which will cairy off at all tunes all 
sohd matter. The problem of flushing, strictly speaking, is usually 
merely one of keeping lateral sewers clean from their dead ends to the 
points where the flow of sewage is great enough to accomplish this with¬ 
out assistance from the water mams Occasionally the problem is one 
of furnishing a large volume of water to clean out a mam sewer or an 
inverted siphon In any case, the object is to increase temporarily the 
hydraulic gradient in the sewer by means of an exceptional head of water 
at its upper end. In some European cities, the volume of water stored 
for flushing is quite large, so as to maintain the discharge under this 
extra head for a considerable period, in the United States, the quantity 
stored m a flush tank at the end of a lateral sewer is not usually over 
350 gal. 

Flushing from Brooks.—^An example of flushing a large sewer from a 
neighboring water course is afforded by the intalce on the Harbor Brook 
Interceptor in Syracuse, designed by Glenn D Holmes and shown in 
Fig. 222. The sides and bottom of a brook near this sewer were paved 
with concrete, and provision was made for temporarily damming the 
channel with stop planks The water thus impounded can be diverted 
through two 16-in. vitrified intake pipes surrounded by concrete, into an 
18-in. manhole This is built of concrete with a vitrified pipe as the 
shaft, its bell being closed, when not in use, with a stop plank of two 
thicknesses of 1-in. pine, which can blllifted out of the bell by a chain 
when flushing is to begin. From the bottom of this manhole, a 24-in. 
vitrified pipe runs directly into the 33-in. circular concrete interceptmg 
sewer. A manhole is located a few feet farther up the hne of the sewer. 
The difference in elevation between the top of the temporary stop 
planks in the creek and the invert of the intercepter is about 8 ft. 

A flushing manhole built on the Minneapolis sewerage system (1895) 
from the designs of Carl Ilstrup,* is shown m Fig. 223. This manhole 

^ Ena- News, 1012; 66, 426 

* Eng. Record, 1806, 88, 206 
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was constructed where a large brick sewer crosses a swamp and in so 
doing runs through a creek. The ground was very soft and trouble- 
■»ome, and piles were driven on which a grillage was laid below the lowest 



0 “" 


water level, aEfordmg an opportunity to build the sewer mside a coffer, 
Stone walls were first laid and afterward a mass of concrete of sufficient 
volume to give the necessary weight for such a structure, was placed 
between them. At one side of the sewer, the excavation was extended 
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suflBciently to deepen the bed of the creek into a shallow well, which 
was roughly walled and paved so as to bring its bottom about on a level 
with the springing line of the brick arch of the sewer. The manhole 
built up on this foundation had a 2-ft opening into the sewer, which 
could be closed tightly by a sliding door On the opposite side of the 
manliole was an opening into the creek guarded by iron bars to keep out 
rubbish. In this way the manliole was kept full of water up to the level 
of the surface of the creek, and, whenever it was desired to flush the 
sewer, the sliding gate between the manhole and the sewer could be 
opened, admitting creek water under a small head 
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Fio. 223 —Fluahing muuholo, Minneapolis, Minn 


A flushing chamber was built at the end of an interceptor constructed 
in Harrisburg, Pa, in 1903, from the plans of James H Fuertes, and 
worked satisfactorily for a considerable^une, but was finally practically 
dispensed with, owing to the admission of brook water at a manhole a 
short distance below the headworks It was necessary to use very flat 
grades in order to avoid prohibitive excavation and pumping, and this 
grade difficulty was overcome by making the sewer somewhat larger 
than necessary for the interception of the dry-weather sewage alone, 
and by forming a connection between the upper end of the sewer and 
the neighboring creek, where automatic regulating gates admitted during 
dry weather enough creek water into the conduit to keep the flow in aU. 
its parts at a self-flushing velocity. During storms, when the lateral 
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sewers were dischargmg large quantities of both sewage and street water 
into the mtercepter, a float rose which closed the valve and shut out the 
creek water 

The design of the chamber is shown in Fig. 224. Two sets of three 
12-in. vitrified pipes extend through the concrete head wall as inlets for 
the creek water, one set 4 ft higher than the other. The water passes 
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Fiq. 224 —Flushing chambor, Harrisburg, Pa. 


through a large silt basin in order to become free from heavy suspended 
matter, and then passes through rectangular cast-iron orifices mto the 
regulatmg chamber proper The valve regulating the admission of tlie 
creek water is of the usual type, the opening being automatically con¬ 
trolled by a galvanized iron float. The rotating arm is attached to the 
concrete wall of the float well by a short length of angle iron, the hole 
through which it is bolted to the latter being slotted so as to permit a 
vertical adjustment The horizontal leg of this angle and the flanges 
of the trunnion carrying the rotating arm are slotted to allow a hori- 
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zontal play in two directiona. When the valve was installed it was 
loosely bolted in place, adjusted by means of the slotted holes until it 
worked perfectly, and then bolted to its final position. 

The float well was connected to the sewer by a 4-in. vitrified pipe 
eictending below the mvert about 10 ft. down the sewer, where the 
opening was covered by a cast-iron grating cemented into the beU of the 
pipe All parts of the valve with its rotating arm and lever were of 
cast iron except the face of the valve and all weanng parts, which were 
bronze The galvanized iron float was 11 by 24 in. and 9 in. deep. 
With the exception of the brick manhole the entire construction was of 
1:214 concrete reinforced by 3-in No. 10 expanded metal 

In Europe sewers are occasionally flushed by means of the sewage 
itself. To accomplish this, flushing chambers which contain large 
gates are employed. These gates are usually open, but are closed 
when flushing is to be undertaken. After they are closed the sewage 
backs up behind them and when a sufficient quantity has been stored 
it is suddenly released by opemng the gates, which is accomplished in a 
variety of ways. Apparatus of this nature has rarely been proposed 
in the United States. Other methods of keeping the sewers clean are 
generally preferred and are described m Vol. II. 

Flushing Manholes.—^The flushing of small sewers is carried on either 
by hand or with the help of automatic apparatus. Opinion seems to be 
divided regarding the merits of the two methods; the authors’ views 
are stated in Vol II, under the operation of sewerage systems As a 
general proposition, all flush tanks require some maintenance, and their 
cost is therefore dependent, in a measure, upon the time spent in 
inspecting and repairmg them The cost of this time, plus the interest 
and depreciation on the investment in the apparatus, plus the cost of 
the water used for the flushing, must be offset against the cost of labor 
and water where hand flushing is employed, for the difference in the 
cost of the manholes used iu the two cases is negligible. The amount 
of water to be used for flushing and the frequency of the flushing depend 
not only upon the grade of the sewer to be kept clean, but also upon the 
possibility of dirt finding its way into the sewer 

Hand flushing is generally done by means of a hose from the nearest 
fire hydrant, inserted into the manliole at the end of the lateral or on the 
summit of the sewer to be cleaned. Flushing manholes are also used 
to a considerable extent. In this case a 1- or IJ-^-in. branch from 
the nearest water main is run into the manhole and the entrance to 
the sewer can be closed with a flap or tripping valve. Water is admitted 
to the manhole through the service pipe, and when it is full the valve 
is tripped, allowmg the water to rush into the sewer. The same end is 
accomplished in some places where valves are not used, by plugging 
the end of the sewer with a disk consisting of sheet rubber faced with 
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canvaa and held firmly between boards about H iii- smaller than the 
diameter of the sewer. When the tank is filled with water this plug 
is drawn out, thus starting the flush 

Automatic Flush Tanks.—The flushing done with automatic appa¬ 
ratus is generally much more frequent than where hand flushing is 





practiced, a common rule being to discharge the flush tn.nlr once every 
24 hr. The water is usually admitted to these tanks through special 
orifices, of which a variety are manufactured by the makers of flushing 
siphons, so that any desired rate of flow under any street main pressure 


Fig 225 —DifEerent types of fluah-tanks. CAfiZZer.) 
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;an be attained by screwing the proper orifice or nozzle into the end of 
,he service pipe As a rule these jets are also accompanied by a mud 
Irum or screening device and a blowoff cock, provided to insure the 
lozzle against clogging. 

The operation of a siphon of the simplest type is as follows: In 
?ig 226a, the Miller siphon is shown just about to discharge. There 
ire two volumes of water separated by the compressed air in the long 
eg V of the trap As the pressure on every part of this confined mass 
)f air must be equal to the hydrostatic pressure, and as there are but 
,wo places where water is in contact with the air, it follows that the 
lepth of water C in the tank must be the same as the depth ED in the 
.rap. When the depth C is increased the water flows over the raised 
ip of the trap at D, this discharge allowing a little air to escape below 
.he bend at E. The air pressure being released in this way, water 
lasses up with a rush within the bell and into the long leg of the trap, 
ind starts the siphon, the remaining air being carried off with the water. 

The elevation of the lip of the short leg at D above the bottom of the 
lutlet IS an important detail, as upon it the first sudden discharge of 
he trap seems to depend. In the older types of flushing apparatus this 
ust strong flush was accomplished by using an auxiliary siphon at the 
lottom of the trap costing, a detail retained in the Rlioads-MiUer 
iphon. Fig. 2256, for use where shallow construction is imiierative 

When the water in the tank lias been drawn down until its surface is 
)b1ow the sniff hole S, some au enters the bell and slows up the siphonic 
.ction but the discharge continues until the water reaches the bottom 
f the bell, when the water m the two legs of the trap forms a seal and 
he tank begins to fill again. 

The dimensions of the MiUer apparatus, required by designers, are 
^ven in Tables 162, 163, and 164. The diameter of the tank is the 
oimmum which is generally considered desirable for siphons of the 
izes listed The discharge is tlie average given by the makers for that 
ize and setting of siphon. 

The setting shown in Fig. 226a does not afford access to the sewer, but 
he Miller-Potter design shown in Fig 226c overcomes this defect, 
''he manhole at the dead end of the sewer is provided with a flush tank 
nd siphon, and while this is more expensive than the standard type, it 
ffords an opportunity to insei't a cleamng rod into the end of the sewer. 

These and several other patterns of Miller siphons are made by the 
'acific Flush Tank Company, who also furnish a “flush-tank regulator’* 
aving a screen and a glass onfice, so as to guard against clogging of the 
mall onfice by foreign matter or by corrosion, or its enlargement by 
mar, either of which will interfere with the regular and proper operation 
f the flush tank. This regulator is shown in Fig. 226. 



162 Dimensions and Capacitibs op MuiLiEb Siphons, Standard Shttinq (Fiq 225 a) 
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A counter by which the number of times the flush tank operates is 
desirable, and furnishes an automatic check upon the frequency of the 
discharge Such a counter may be cairied by a float suspended from 
the top of the tank, and operated by a ratchet, as m the one manufac¬ 
tured by the Pacific Flush Tank Company. 

A standard flush tank was designed m Winnipeg under the direction 
of Col H. N. Ruttan, City Engineer, which is vented by a pipe as shown 
in Fig 227. This is one of the simplest forms of such apparatus An 
entirely different type of flush tank is the Van Vrnnken (Fig 228), the 
illustration showing the structures built in Concord, Mass The sewer 
to be flushed ends in a well in the floor of the tank, which has a water- 



Fig 220.—Flush-tank regulator. (Pacific Flush Tank Co ) 

tight metal cover. A 5-in siphon has its long leg carried down through 
the plate The bottom of the leg is trapped in a tiltmg tray, which is so 
balanced that, when nearly full, its center of gravity is brought forward 
and it tilts down, allowing a part of its contents to flow out This 
changes suddenly the air pressure m the siphon and starts the apparatus 
in action 

There are objections to any automatic siphon having moving parts, 
and the Van Vranken is no longer manufactured, but a number are still 
in service. 

Another type of flush tank shown in Fig 229 has been tested by W T. 
Knowlton at Los Angeles and described by him ^ This tank discharges 
through an 8-in oponmg in its bottom which is normally closed by a 
hoUow cast-iron valve with a rubber gasket contacting the cast-brass 
valve seat. The weight of the valve keeps it closed whilp the tank is 
filling and also supports a tilting basm swung from the opposite end of a 
walking beam. When the water surface reaches the desired elevation, 

• Afwntc. Jour and Pub Works, 1010, M, 247. 
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227 —Stajidard flxish-tank, Winnipeg. 
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it overflows through a pipe into the tilting basin below. This basin, 
when filled, moves downward, thus lifting the valve and starting the 
tank discharging. The hoUow valve floats until the tank is empty, when 
it agam seats itself m a way similar to the operation of a flush tank of a 
water closet. The advantage claimed for tins tank is that it discharged 
at rates of about 14 gal per second, or from two to three and one-half 
times the discharge rate of siphons of equal diameter. The cost of this 
flush tank was $30 more than those formerly used by Los Angeles. 

Value of Flushing.—The only theoretical analysis of flushing with 
which the authors are acquainted was presented by Asa E. Phillips, 
superintendent of the sewer department of the District of Columbia, in 
a paper before the American Society for Municipal Improvements in 
1898. This paper gives the results of many measurements of the extent 
of flushing action in pipe sewers, and presents the following general 
discussion of the subject’ 

The object of the flush is to secure a periodic velocity of more than 
ft. per second in the upper portion of the sewer and to maintain the same 
to a pomt where the ordinary flow attains this rate. Disregarding the 
amount of normal flow in the sewer, it is evident that the quantity of water 
to satisfy this condition is a function of the diameter of the sewer and of 
its gradient From the general consideration of the well-known formula 
for velocity, v = C^/RS, remembering that for circular conduits the 
hydraulic radius is a direct function of the diameter, we may consider (1) the 
quantity Q vanes directly as the square root of the radius and inversely as 
the square root of the slope, and, to complete the statement of controlhng 
conditions, (2) that it vanes directly as the length from the dead end to the 
pomt where the normal flow becomes sufficient to maintain a velocity of 
2}4 ft per second. Under these assumed conditions, designating this dis¬ 
tance by L, letting c represent the necessary modifying coefficient, the 
formula would take the shape, Q = L-\/r c^S. 

Solving this equation for the data given on the Park Street line (given 
in the opemng of the paper) we obtain a rough approximate for c of 190. 

Let us now consider the factors which establish the value of L. If we 
let A represent the area of the cross-section of normal flow for any given 
gradient required to produce the velocity of 2J^ ft. per second, and lot 
D equal the increment in discharge for each hnoar foot of sower in cubic foot 
per second, then L = 2 SA — D, in which A is definitely determined by 
an apphcation of Kutter’s formula. The quantity D is evidently a function 
of the number of persona or premises tributary to the sower and of theii’ per 
diem, water consumption. But these are variable quantities, rarely the some 
for two sewers. A uniform contributing population of 30 persons per 100 
ft. of sewer with a daily flow per capita of 100 gal., three-fourths assumed 
to run off in 6 hours, would give a value for D of 0.00016 cu. ft. per second. 
Table 166 gives the value of A for different grades, and the corresponding 
depth of flow m mches This table indicates the very small flow on the 
larger grades necessary to maintain a self-cleansing velocity, and the rela¬ 
tion between the ordinary discharge and the grade within the limits given. 
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Table 100 gives the various quantities of water ^iven by the formula 
for the foregoing grades and sizes under the conditions which have been 
stated, allowing an increased rate on long lines and a diminishing rate of flow 
on short hnes from the average value of 0 00015 cu ft per second 

These results indicate that a very considerable modification of the volume 
of water should be allowed for lines of different gradient, and that the 
required volume dimimshes very rapidly with an increase of grade; also 
that it is affected to a smaller extent by the size of the sewer, that for all 
sizes no flush tanks are probably required on slopes exceeding 2 per cent, 
and it may be inferred in such cases, also, that flushing at loss frequent 
intervals is needed than the 24- to 48-hour discharge. 


Table 106.—Areas and Depths of Flow Required to Produce a 
Velocity op 2 6 Ft per Second in Sewers (P/iilhps) 

Diameter of sewer 


Grade, 0 in 8 in 10 in. 12 in. 

per 


cent 

Area, 

square 

feet 

Depth, 

inches 

Area, 

square 

feet 

Depth, 

inches 

Area, 

square 

feet 

Depth, 

inches 

Ai-ea, 

square 

feet 

Depth, 

mches 

0 6 



0 229 

5 0 

0 226 

4 3 

0 237 

4 1 

0 76 

0 126 

3.9 

0 130 

3 2 

0 137 

3 0 

0.160 

2 9 

1 

0 096 

2 9 

0 101 

2 7 

0 108 

2 6 

0 116 

2 4 

2 

0 043 

1 7 

0 060 

1 0 

0 066 

1 0 

0 000 

1 5 

3 

0 031 

1 3 

0 036 

1 3 

0 037 

1 2 

0.041 

1 2 

4 

0 022 

1 0 

0 026 

1 0 

0 028 

1 0 

0 031 

1 0 

6 

0 017 

0 9 

0 021 

0 9 

0 024 

0 9 

0 027 

0 9 


Table 100.— Gallons of Water Required for Flushing {Philhpa) 




Diameter of sewer 


Grade, per cent 

8 in. 

10 in 

12 in. 

0 6 

80 

90 

100 

0 76 

66 

06 

80 

1 

46 

66 

70 

2 

20 

30 

36 

3 

16 

20 

24 

4 

10 

16 

20 

6 

8 

10 

16 
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An inyestigation of the action of water in flushing sewers was made 
by Prof. H N. Ogden^ at Ithaca, N Y , about 1898 This investigation 
was begun to deternune the necessity of a flush tank at the end of every 
lateral sewer m that city, in accordance with a recommendation made 
by the designer of the system Ogden’s correspondence with 
other engmeers showed a wide diversity of opinion, some preferring 
hand flushing, others automatic flushing, and still othera combinations 
of the two. A few had taken up hand flushing because of disastrous 
experience with automatic apparatus, and a few had adopted flush tanks 
because they found it impracticable to obtain good hand flushing.* 
Little practical information apparently was obtained, although one 
engmeer reported that experience on the sewer system under his charge 
indicated that one flush daily on a 2 per cent grade was as effective as 
two flushes daily on a 0 5 per cent grade, each flush being of 300 gal. 
The general opinion was that occasional flushing was needed on the 
upper ends of aU laterals on grades below 1 per cent. 

Ogden’s experiments were made on 8-in. pipe sewers, each with a 4:-ft. 
manhole at its upper end The end of the sewer was stopped with a 
pine board having a 6-m orifice, closed by a rubbor-faced cover. The 
manhole was filled with water to depths of 4 to G ft. and when the cover 
was removed the water was discharged at rates of 0 89 to 1 1 cu. ft. per 
second. The depth of this discharge and its effect in moving gravel 
were observed at successive manholes down the sewer. Flushes of 
20, 30, 40, 50, and 60 cu ft were used successively. 

As a result of these mvestigations, Ogden reached the con¬ 
clusion that the volume of water dischai’ged should not bo less than 40 
cu. ft, and the effect of the flush can hardly be expected to reach more 
than 600 or 800 ft. If tanks are used on grades greater than 1 per cent, 
15 to 20 cu ft give as good results as larger amounts, but on such 
grades hand flushing wfll be more economical than automatic flushmg 

In mquiries concerning the capacity of flush tanks a definite rule was 
received only from the Van Vranken Flush Tank Company, which stated 
that the capacity of the tank should be equal to half that of a length of 
sewer m which the grade produces a rise equal to the diameter of the 
pipe. It was the opimon of the manager of the Pacific Flush Tank 


1 Trans Am Soe C E , 1808. 40, 1 

*Georp G Earl, Bupermtendent of the New OrleiuiB Soworago and Water Worfca, in¬ 
formed the authors In 1013 that while there are automatio flush tanks on all dead ends of the 
sewera in that city, they are not operated oonstantly. " Instead, wo have two men eon- 
stanlJy going over the system, covering all flush tanks about twleo a month and giving four or 
fl * y s“ccesfflon just os fast as a 1-in pipe and gate valve, diroot-eonneotod 
to the flush ta^, can fill them This makes wave follow wave down the eewer, and we 
thmk savM water and gets better effect in flushing and roaches farther from the flush tank 
an effective flush than two or three automatio dieohargea per day each In addition 
to this we keep two gangs going over all sewers constantly with baU and flush oloamng.'' 
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Company that a flush of 175 gal on a 1 per cent grade was sufficient, 
and on flatter grades twice that quantity of water should be used 
In the discussion of this paper, George W. Tillson stated that in 
Omaha on 6-in. lateral sewers with grades of 3^ to 8 per cent and no 
flush tanks, a growth of fungus half filled the bore of the laterals m the 
course of a year or two. later work of the same sort, flush tanks 
discharging every 12 hours were used at the dead ends of the laterals, 
and no trouble from the fungus was observed m such cas^. 



CHAPTER XW 


REGULATORS, OVERFLOWS, OUTLETS, TIDE GATES AND 
VENTILATION 

One function of a sewage-flow regulator is to prevent the surcharge 
of an intercepting sewer by closing an automatic gate upon the branch 
sewer connection, thus cutting off the sewage and forcing it to flow to 
another outfall Another function is to regulate the flow in time of 
storm so that flow from one sewer carrymg a heavily polluted storm flow 
may be admitted to the mtercepter m greater proportion than from 
another sewer carrying a more dilute storm flow 

A storm overflow is designed to allow some of the excess sewage above a 
defimte quantity to escape from the sewer in which it is flowing, through 
an opening. 

The purpose of both devices is substantially the same, namely, to 
allow the ordinary flow of sewage to be delivered to a distant point of 
discharge, while causing the excess storm flow, which is very much less 
foul, to be discharged mto the nearest watercourse Sometimes regula¬ 
tors are used m combmation with storm overflows to safeguard an 
intercepting sewer by entirely cuttmg off the sewage entering the 
intercepter when the latter is filled to a certain depth; the overflow allows 
the escape of excess storm flow, the regulator finally oauses the entire 
flow in the branch sewer, both sewage and storm water, to pass the 
overflow and be discharged into the nearest watercourse. 

REGULATORS 

A flow or discharge regulator usually consists of an automatic gate 
operated by a float which rises or falls with the fluctuating sewage sur¬ 
face. When the intercepter is filled to its capacity, the gate closes 
entirely and further discharge of sewage into the intercepter is cut off. 

Probably the best-known type of shear-gate regulator is shown in 
Fig 230; this was used on the connections between the Boston main 
sewers and the Metropolitan mterceptmg sewers. The structure con¬ 
sists, m brief, of an orifice m the combined sewer, a pipe connecting this 
orifice with the interceptmg sewer, a regulating gate, a float to operate 
the gate automatically, and a telltale pipe through which the height of 
sewage in the interceptmg sewer is communicated to the float chamber. 

620 
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The orifice in the combined sewer is designed of sufficient capacity to 
allow the proper quantity of sewage to pass through it. In some cases 
it is necessary to provide either a low dam in the combined sewer at a 
point immediately below the orifice or a depression m the sewer opposite 
the orifice to assist m divertmg the sewage. The pipe leading from the 
orifice may pass through the regulatmg chamber and thence to the mter- 
cepting sewer. The regulating gate seats against a cast-iron nozzle 
wffich forms the orifice in the combined sewer. This gate is carried on 
the end of a lever, to the other end of which is attached a large float 
which rises and falls in the float chamber with the rise and faU of sewage 



Fia. 230 —Old type of Boston regulator. 

in the intercepting sewer, the communication of the height of sewage 
between the intercepting sewer and the float chamber bemg accomplished 
by means of a telltale pipe of small size which connects the two. Thus, 
as the depth of sewage in the intercepting sewer increases in time of 
storm, the float is raised and, correspondingly, the gate is lowered or 
closed. When the intercepter is as nearly full as desired, the gate 
through which the sewage flows is closed, thus preventing the flow of 
more sewage into the intercepter, and at the some time causing the 
sewage and storm water to flow past the orifice tlirough the lower part 
of the original combined sewer into a river or tide water. 

The experience with the mechanical features of these regulators has 
been satisfactory except in two respects. There has been a tendency in 
some installations toward the formation of deposits around the central 
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6da>t chajnbcr, while^in oth6r installations the valve has a tendency to 
become tightly jammed in the closed position by rags, paper, and 
matches caught between the valve and the valve seat. To overcome 
these objections, a later arrangement (Fig. 231) was developed by R. J. 
McNulty, Mechamcal Engineer in the Boston Sewer Service This 
regulator, which is patented, is made in sizes of 8 to 60 in. and is designed 
so that the floats may be actuated by the level of the sewage in either the 



Fig 231.—McNulty toggle-joint regulator. 


combined sewer or the intercepter. It is manufactured by the McNulty 
Engmeermg Company of Boston. 

Where it is desired to mtercept only a constant volume of sewage, 
recourse may be had to a constant-flow regulator, of the type shown in 
Fig 232. The depth of the sewage over the entrance to the vertical 
telescopic outlet pipe is mamtained constant by hftmg or lowermg the 
pipe as the level of the sewage fluctuates This motion is produced by 
the two large brass floats attached to the top of the pipe. 

The simplest type of shear-valve regulator is shown in Fig. 233, and is 
made by the Coffin Valve Company, of Bostom. It has a cast-iron 
body which is bolted to the end of the branch sewer and projects into 
the intercepting sewer or a tank connected with it m which the sewage 
will rise to ^he same height as in the intercepter. The valve and frame 
are fitted with composition faemgs, hammered into dovetailed grooves 
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232 —Constant flow regulator, Boston. 
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and pinned. The valve and its seat are machined and then scraped by 
hand to give a reasonably tight circumferential bearing. The steel 
shaft cames an adjustable copper float and a weight by which the action 
of the device can be varied somewhat 

Other types of regulators used at Syracuse, N. Y , are shown in Pigs. 
234 and 235, which require no comment. There is a limit, of course, 
beyond which it is hardly wise to expect such apparatus to operate 
automatically, and it is not surprising that one of these regulating valves 
refused to work, according to the chief engineer and designer of the 
intercepting sewerage system, Glenn D. Holmes, after it had become 
clogged with a 2- by lO-in plank 5 ft. long, a roller 6 in. in diameter and 
4 ft. long used in moving buildings, a 2-ft length of a similar roller, a 


WcH 



4- by 8-in timber 4 ft long, mop and handle, broken croclcery, rags, and 
small sticks. How such collections of large objects get into the sewers 
in the first place and are gathered at one spot after entering them, is one 
of the questions which occasionally puzzles the superintendent of any 
large sewerage system 

A type of regulator is used at Washington, D. C., in wliich the floats 
are operated by clean water from the city moms, admitted to the float 
chambers through valves controlled by the rise and fall of sewage back 
of an overfall dam. In 1913, Asa E. Philhps, then superintendent of 
sewers, stated that the most elaborate installation, shown in Figs. 236 
and 237, had worked with absolute regularity for 2 years. It is so well 
balanced that it dehvers the sewage from the combined sewer into the 
3-ft mtercepter so long as the latter is not filled. As soon as the full 
capacity of the mtercepter is being utilized, the regulator cuts off the 
flow to the mtercepter, and as soon as the latter is able to receive more 
sewage, the regulator starts the flow again. The following is a descrip¬ 
tion^ of its operation. 

1 Eng Record, 1912, 65, 312. 
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The apparatus for controlhng the quantity of storm flow delivered to 
the 3-ft. intercepter, and for cutting out excessive storms, is located in an 
underground concrete gate chamber built ]uet oft the main line, and con¬ 
nected thereto by a 3-ft. condmt. Above this connection the trunk sewer 
is transformed in section from a circular to a cunette section, thus forming 
a collecting channel for the diversion of the flow to the gate chamber. This 
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Fig. 235.—Regulator used at Syracuse, N. Y. 

cunette extends as a tongue below the 3-ft. outlet oondiut for the purpose of 
diverting from the intercepter the heavy material such as cobble and 
boulder, which excessive storms brmg down from raw surface areas within 
this drainage distnct. Just where this tongue of the cunette dies out in 
the berm, a shght ridge is raised, forming a low cross dam for the purpose 
of holding the hydraulic gradient at such a level that the 3-ft. intercepter 
will run full before any discharge is spilled into the stream. 

The automatic regulating apparatus is designed to entirely shut oft the 
flow from the interceptmg sewer ]ust as soon as the latter is running full. 
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Under this condition, the flow in the trunk sewer is about level with the top 
of the diverting wexr This result is accomplished by means of two valves 
with disks m the form of cyhndncal surfaces, which shde upon bionze seats 
in costings imbedded in a concrete bulkhead wall across the hne of flow. 
From these disks onus project with floating balls of copper on the ends of 



same and working in a pair of concrete tanks, so that by automatically 
fillin g and emptsdng the tonics at the proper time the balls are made to rise 
and fall and to close and open the valves. 

At the proper level below the diverting dam in the main sewer to give 
the required discharge, as checked by experiment in the shop, a small pipe 
is introduced and leads to a pair of outlets in the regulating chamber, each 
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one directly over a small funnel pail, hung from a lever arm in such a way 
that a downward movement of the funnel hfts a ball valve on a 2-in pipe 
outlet from a 10-ft capacity reservoir suspended from the roof of the gate 
chamber, which is filled through a fl-oat-controUed valve by a pipe connec¬ 
tion with the city water main This 2-in. pipe discharges directly into the 
float tank below on the floor of the gate chamber, and raises the large copper 
float which closes the automatic gate 

When the flow in the main sewer rises above the inlet pipe just below 
the level of the diverting weir, water passes into the two suspended funnels, 
filling them and thereby causing sufficient weight on the end of the lever 
arm to hft the ball valve on the outlet from the reservoir, which is connected 
to the float tank The water rapidly rises in the latter, hfting the copper 
float and gradually closing the segmental shde-valve in the buUchead wall. 
This shuts off the flow of sewage into the 3-ft interceptor and automatically 
diverts same to Piney Branch Peak load of the storm is thus entirely 
discharged into the stream But as soon as the runoff is sufficiently reduced, 
the controUing gates open and the flow is once again diverted to the intei'- 
cepting sewer. The operation is as foUows: 

When the flow in the main sewer drops to the capacity of the 3-ft diameter 
interceptor it is just level with the inlet to the small pipes leading to the 
funnels, so that the flow which has kept the latter full is reduced below 
the discharge capacity of the funnel outlets, and the water therein quickly 
drains away, reducing the puU on the lever arm from which they are sus¬ 
pended, and thereby causing a counterweight on the extension of the arm 
to close the ball valve feeding the float tank. 

These float tanks are drained by small outlet holes and when the feed 
supply IS thus cut off they slowly empty and the floats descend, gradually 
openmg the shding valves, and dehvenng the discharge to the 3-ft mter- 
cepter This condition continues until the next excessive storm discharge. 
Meantime the reservorrs over the float tanks have filled from the city water 
supply, and are ready for the next storm. 

During the period when gates are closed, the city water continues to 
flow mto the reservoirs, and thence into the float tanks, thus keeping 
up the floats which hold the controUing gates shut, notwithstanding the small 
outlet holes which are always open and continue during this peiiod to waste, 
the inflow, of course, being set to exceed this outflow. This is accompUshccl 
with a 3^-in. supply pipe. The feed pipe leading from the main sower 
to the funnels is protected by a screen and so connected and valved in the 
gate chamber that the city water pressure may be turned through same for 
flushing out the pipe and cleamng the screens. This connection also servos 
to permit the testing out of the apparatus at any time Immediately after 
storms it IS the practice to have an inspector visit the works to examine same 
and do any special flushing necessary. 

Another type of installation in Washington is shown in Fig. 238. The 
regulators are for the purpose of shutting off the intercepting sewer 
completely at this place, when this becomes necessary, and diverting the 
sewage from the 6-ft sewer leading to the pumping station over the sill 
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of a relief outlet, or into a bypass leading to a 6-ft. storm-water relief 
conduit running to the Potomac River Below the elevation at which 
this regulatmg structure operates all storm water has to be pumped, as 
this is the lowest place from which there is a gravity discharge. The 
regulators are operated by the kind of apparatus described in connection 
with the first Washington installation. In November, 1913, Phillips 
wrote to the authors as follows’ 

We have 14 regulator chambers of this general character at present in the 
system, and some half-dozen additional planned for construction All 
those in service have given most satisfactory results with the float-tank 
construction noted above. We have never attempted the hazardous 
experiment of placing the float directly in the sowor to be actuated by 
changes in level of the sewage flow itself. 

In Rochester, N. Y, where sewers are built in tunnels as shown in 
Fig. 239, City Engineer E. A Fisher adopted the type of regulator shown 
in that illustration This has unusually sturdy members m proportion 
to the 12- by 20-m. opening which is under control, and is also unusual 
in that the disk is not designed to be able to shut off the discharge open¬ 
ing completely. This closing can be accomplished by hand, however. 
The operation of this regulator is described as follows in the report (1913) 
of Fisher on the sewage disposal system of Rochester 

It IS contemplated taking into the intercepting sewer all of the sewage 
and two and one-half additional volumes in tune of storm The storm water 
in the outlet sewers in excess of this quantity will pass on and discharge into 
the river, the existing sewers thus becoimng overflows beyond the point of 
interception In order to control the flow to be diverted into the mterceptcr, 
chambers will be constructed in which regulating devices wiU bo installed 
that wiU automatically maintain the reqmrod volume of discharge These 
regulating devices wiU be operated by a float located in a chamber in which 
the water will lise and fall as the volume entering the chamber is in excess 
of, or loss than, the volume discharging. As the water rises the float will 
operate a shutter closing the inlet, thereby reducing the volume entering 
until it IS equal to the volume discharging; or if it grows leas than the volume 
discharging, the water in tlie chamber will naturally fall, thereby causing 
the float to again open the shutter The discharge from the chamber is 
fixed by the size of the opemng and a given head In each case the regulat¬ 
ing device must be adjusted so that the float will begin to operate by clos¬ 
ing the shutter when this given head is reached In order to provide for a 
larger discharge, as the amount of sewage increases from year to year, the 
size of the opemng from the chamber will be enlarged in order to give the 
area required with the given head to produce the discharge desired 

A spocial regulator has been constructed by George A. Carpenter, 
City Engineer of Pawtucket, R I, using a gate valve operated by a 
hydraulic plunger, controlled by the old type of Venturi meter recording 
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apparatus, actuated by a float. In this case it was desirable to have the 
entire dry-weather flow and the first wash of the streets at times of 
storms taken to the treatment works, and to turn the entire flow of the 
sewer into the nearest watercourse when the dilution reached a certain 
pomt, reversing the operation when the total flow fell below another pre¬ 
determined amount, less than that for which the gate was closed. The 
sewage flows through an onfice m the bottom of tbe diversion chamber 
into a pipe upon which the hydraulic valve is established. A float in the 
diversion chamber moves a vertical rod upon which are tappets, one of 
which controls the opemng and the other the closing of the hydraulic 
valve. When the quantity reaches that for which the valve should be 
closed, the tappet trips the Venturi register apparatus, which thereupon 
operates a HTnn.H valve admitting water from the city water mains to the 
hydrauhc cyhnder and closing the valve. When the flow again falls to 
the point at which the valve should be opened, the other tappet trips the 
mechamsm to reverse the valves and open the mam valve. Since 
the only power required from the mechanism is that consumed in open¬ 
ing and closing the small valves in the pressure pipes, it has been found 
that one windin g of the weights of the Venturi recording apparatus is 
sufficient for more than 200 operations of the hydraulic valve.’' 

At Cleveland, Ohio, where regulating valves of the walking-beam type 
were tned unsuccessfully, the gate which was operated by the float was 
plane, rather than curved. The gate frame was made of cast iron and 
provided with a phosphor bronze seat; the gate was of cast iron The 
mfliTi bearmgs of the walkmg beam had bronze bushings and attention 
had been paid in the design to the elimination of friction and oppor¬ 
tunity for any bindmg of the parts. The following note on the failure 
of this regulator was furnished by J M Estep, Assistant Chief Engineer 
of the Department of Pubho Service of the city. 

The trouble with this type of regulator has been that tlio sliding gate, 
which shuts off the flow at a certain elevation of the storm water in the 
chamber, fails to operate properly in the phosphor-bronze shdos, and I think 
the gate probably remains open so that this type of overflow acts just as the 
ordinary overflow where a diversion dam is used. 

The construction of automatic regulators and the nature of the sewage 
and water passing through them are such that frequent inspection is 
necessary to assure their effective operation. Regulators and tide gates 
should be inspected every day, and immediately following storms the 
cleaning and inspecting force should be increased so that aU regulators 
which have become clogged can be put into working condition as soon as 
possible. It is only by this means that automatic regulation will be 
satisfactory. 

1A desorlptioii of the -ralve will be found in Jour Boaton 8oc. C, B , 1914, 1, 149 
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OVERFLOWS 

Storm overflows may be of the following types; overfall or side weirs, 
siphons, baffled weirs, and leaping weira 

Side Weirs.—An overfall weir is usually oonstruoted in the side of a 
sewer, and the excess flow escapes over the crest when the elevation of 
the sewage is above that of the weir. One method of design of such a 
structure is described fully by W. C. Parmley,^ in a paper on the Wal¬ 
worth Run sewer in Cleveland. His study was primarily a mathemat¬ 
ical treatment of the problem as there were no experimental data upon 
which it could be based, and later experiments have not borne out his 
assumptions. 







(a)-Longitudinal Section 


Lb) 

Plan Showing 




(c) 

Contracted Sections 


Fia 240.—Discharge over side weirs 


The earhest experiments to determine the discharging capacity of 
Bide weirs that have come to the authors’ attention, were those of 
Hubert Engels of Dresden. From his tests, conducted on a model, he 
derived the formula 

where Q = discharge over the side weir in cubic feet per second 
I = length of weir crest in feet 
"h = head on weir in feet 

Substituting 0.414 for % n as determined by his tests, this expression 
becomes 

Q = 3.32l!''-8Vii-«T 

The discharge may be increased by contracting the channel as shown 
in Fig. 240, h and c. In either case the ratio ho/h^ does not appear in 
the formula which, for the case of contracted channels, becomes 

Q = 3 

The depth at the upper end of weir crest in Fig. 240a is seen to be less 
than at the lower end, the explanation given bemg that the increasing 

^ Traju Am 8oe C, E , 1005, SS, 341 
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depths on the weir crest result from the conversion of kinetic into 
potential energy along its length. 

This phenomenon is not reported by Coleman and Smith^ nor by Prof 
Harold E Babbitt® of the Umversity of Ilhnois in their experiments on 
similar weirs, though the former state that the water in the flume rises 
downstream from the weir due to a decrease in velocity with depth It 
did, however, occur in the large structure de.scnbed by W. H. R 
Nimmo,® and was observed by Tyler, Carollo and Steyskal in experi¬ 
ments on Bide weirs at the Mass Institute of Technology, 1928. 
Working with a model flume, 4^^ m by 6 in in section and with weirs 
IH to 24 in. long, Coleman and Smith summarize their tests m the 
foUowmg formulas 

I = 29.0661 <6“ “s 

Q = 0 671Z« 

= 1.67462“ 

6 = width of flume ’ 

V = velocity of approach 
hi = head on upper end of weir 
hi = head on lower end of weir 

(All umts in feet and seconds) 

Comparing the formulas for Q, it is apparent that the latter gives con¬ 
siderably smaller values than that denved by Engels. It should bo 
remembered that Coleman and Smith’s results were obtained from tests 
on a model and a proper conversion factor should apparently be applied 
in accordance with the law of hydraulic similitude before use for actual 
structures 

Babbitt experimented ^th weirs made by cutting out the sidewall of 
18- and 24-m. vitrified pipe sewers, with crests from 10 to 42 in. long. 
His results are expressed in the formula 

I = 2SvD log I-' 

Where I = length of weir m feet 

V = velocity of approach in feet per second 
D = diameter of the sewer (circular) in feet 
hi, hi = head on upper and lower ends of the weir 
"Ilns formula is in a better form for use than the Engels formula os it 
takes into account hi and hi, the purpose of the weir being to reduce 
to a Tm'nimnm 

1 CoLBKAU, Qbobgb Stbpebiti and Dbhfbtbb Smith, "The Dlsoharging; Capnoltioa of 
Side WeiTB,” London, 1023 

9 Babbitt, "Sewerage and Sewage Treatment," Second Edition, 112 
* "Side SpfllwaTB for Regulating Diversion Canals," Trans, Am. Boo, C. E., 1028; 93,1661. 
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In Engels’ experiments, which he described in “Mitteilungen ans 
dem Dresdener Flussbau-Laboratorium,”^ discharges of from 0.52 to 
6.35 cu. ft. per second in the main channel with 0.12 to 2.95 cu ft per 
second over the side weir were employed, the width of main channel 
varying from 0 67 to 6.56 ft, slope from 0.00,009,1 to 0.001, and length 
of weir crest from 1.64 to 32 8 ft. 

Nimmo made one experiment upon a side weir about 180 ft. long in a 
timber flume at the head of the Ouse-Great Lake Canal, in Tasmania, 
which is desoiibed in the paper referred to above. The quantity of 
water discharged over the side weir, in a length of 172 ft., was 235 cu. ft. 
per second, out of 360 cu. ft. per second entering the flume, leaving 125 
cu. ft. per second passing on down the canal. He developed formulas for 
oomputmg the profile of the water surface opposite the side weir. The 



computed water surface conformed very closely to that observed in the 
test. The water entered the flume through a short chute, and perhaps 
as a result of this, there was no flow over the weir at its upstream end. 
The crest of the weir was approximately parallel to the bed of the flume, 
with a total fall of about 0 5 ft. in the length of about 180 ft. The depth 
over the crest was approximately 1 2 ft. at the downstream" end. 

Nimmo’s formulas are complex and do not permit of the direct com¬ 
putation of the quantity discharged over the side weir or of the length 
of weir required. 

Oblique and Transverse Weirs.—^The standard type of overflow 
structure used on the larger sewers in Cleveland, Ohio, is shown in Fig. 
241. Attention is called to the fact that the fall for the dry-weather 
flow in this case is about 0.46 ft. in 414 ft. 

A marginal conduit hag been built along the Boston shore of the 
Charles River to carry off the storm water from the area tributary to 
that river. This was necessary because of the construction of a dam 
across the river between Boston and Cambridge, converting a portion 
of the shore on either side into unusually attractive property facing a 

^ ForachwoBaThnim auf dam Oebteie dea Inaanteurweaena, Papers 200 and 201, "Mittail' 
ungen aus dem Dresdener Flussbau-Laborntorlum, II," 2r. Ver, deui, Tng , 1020, 101-100, 
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frGsh-watGP basin The marginal conduit was dasigiiod to carry off the 
first storm wash, which contains most of the dirt from the streets and 
would pollute the water of the basin. As the district is closely built up, 
the area in question is practically impervious and after the first storm 
flow had earned off the dirt, it was thought that there would be rela¬ 
tively httle more to be expected during the storm. Ihe main conduit 
was provided, therefore, with a number of overflow chambers (I'ig 242), 
discharging the excess storm water into short outfall sowers loading to 
submerged outlets. 

These overflow chambers were designed by E. C. Sherman under 
the direction of Hiram A. Miller. A curtain wall partially sciiarntes tho 
overflow chamber from the conduit, so that sewage is drawn from the 
nuddle part of the stream and floating ddbns cannot be carried out into 
the fresh-water basin. The water in the basin is retained at El. 108 and 



BSr33 Transvers? Section. Longitudinal Section. 


Fio. 242 —Overflow ohambor, Boston miirKinal oonduit. 

as it was assumed that a loss of head of 0.6 ft. would bo caused by the 
swinging check gate, the crests of the overflow troughs wore placed at 
El. 108.5. The top of the conduit being at El. 100.2, the oonduit is 
under a shght head at times when the overflow takes place. As soon os 
the troughs are filled, the head on the check gates oausos them to swing 
open and permit flow into the baam to take place through the submerged 
outlets. 

An overflow chamber of unusual arrangement was constructed in 
Boston about 1899 at a pomt where a brick sewer was crossed by a 
large bnck conduit at a somewhat lower level, built in that year in 
order to carry the storm water from an area of about 1361) acres, including 
a small brook known as Tenean Creek. This oonduit was 0 ft. liigh 
and 1014 ft wide at the crossing in question. Tho brick sower was 
ft. high and 2^^ ft. wide, where it crossed the conduit a reducer 
was constructed and a 36-m. pipe inserted in the arch of tho conduit 
as shown in Fig. 243. The overflow channol starts from a chamber 
which IS separated from the sewer by a dam and weir; at tho outlet 
of this chamber there is a 3-ft tide gate to prevent water in tho drain 
from passing up into the sewer. Below this gate tho overflow is 5 ft. 
wide by 4 ft. 4 in high and enters the drain at an angle of 00 deg. 
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fresh-water basin. The marginal conduit was designed to carry oft the 
first storm wash, which contains most of the dirt from the streets and 
would pollute the water of the basin. As the district is closely built up, 
the area in question is practically impervious and after the first storm 
flow had carried off the dirt, it was thought that there would be rela¬ 
tively little more to be expected dunng the storm The main conduit 
was provided, therefore, with a number of overflow chambers (Fig. 242), 
discharging the excess storm water into short outfall sewers leading to 
submerged outlets. 

These overflow chambers were designed by E. C. Sherman under 
the direction of Hiram A. Miller. A curtain waU partially separates the 
overflow chamber from the conduit, so that sewage is drawn from the 
middle part of the stream and floating debris cannot be carried out into 
the fresh-water basm. The water in the basin is retained at El. 108 and 
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Fig 242 —Overflow chamber, Boston marginal conduit. 


as it was assumed that a loss of head of 0.6 ft. would be caused by the 
swinging check gate, the crests of the overflow troughs were placed at 
El. 108.6. The top of the conduit being at El. 106 2, the conduit is 
under a alight head at times when the overflow takes place. As soon as 
the troughs are filled, the head on the check gates causes them to swing 
open and permit flow into the basin to take place through the submerged 
outlets. 

An overflow chamber of unusual arrangement was constructed in 
Boston about 1899 at a point where a brick sewer was crossed by a 
large bnck condmt at a somewhat lower level, built in that year in 
order to carry the storm water from an area of about 660 acres, including 
a small brook known as Tenean Creek. This conduit was 9 ft high 
and lOJ^ ft. wide at the crossing in question. The brick sewer was 
3H ft. high and 2% ft wide; where it crossed the conduit a reducer 
was constructed and a 36-in. pipe inserted in the arch of the conduit 
as shown in Fig. 243. The overflow channel starts from a chamber 
which is separated from the sewer by a dam and weir; at the outlet 
of this chamber there is a 3-ft. tide gate to prevent water in the drain 
from passing up into the sewer. Below this gate the overflow is 5 ft. 
wide by 4 ft. 4 m high and enters the drain at an angle of 60 deg. 
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At Hartford, Conn., referring to a district sewer system, Rosooe N. 
Clark, City Engineer, gave the following mfonnation:^ 

. . A number of local sewers are brought together into a trunk sewei 
which is earned to a point near the intercepting sewer, from which one pipe, 
to carry the sewage flow, is built to the interceptor, and another, large 
enough for the storm water, is built to the river, brook, or storm-water cul- 



Vertical Section A-A- 
Pig. 246 —Stoji-ijlanlc regulator, Hartford, Conn 


vort, as the case may be. In tliis case a weir is built across the overflow 
channel with its crest at the top of the sewage pip 0 ,_ or above it, if it is 
desired to have the sewage pipe work under a head, as is sometimes done 

Examples of this are shown in the group of storm overflows illustrated 
in Eig. 244. The overflow at Bonner Street is a rather unusual one, 
because the overflow has been dropped to go below the intercepter, in 
most oases the mteroeptmg sewers are the lowest at crossings of this 
kind. 

1 See also Eno News,-Record, 1Q28, 100, 402 
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Where relief sewers must be built to take part of the sewage flowing 
in old sewers past certain points, use is made of weirs, as in the case of 
intercepting sewers For example, in the case of the old Hartford 
sewer shown in Fig. 246, it was desired to remove practically all of the 



storm water but to keep the sewage in the old line. The latter was 
closed, except for about 3 m. next the invert, by an adjustable stop- 
plank which was expected to divert everything but the sewage into the 
new sewer. It was found in practice, however, that the height of 
3 in. was not enough, and 6 in. would have been better to prevent the 
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opening becoming clogged. Another unusual Hartford connection 
between an old sewer and a relief sewer is shown in Fig. 246. There 
are two overflow manholes, and the crest of the weir in each, constructed 
about 1903, nearly at the top of the old sewer, was cut down after 10 
years of service so as to lie only 1 ft above the invert. 

An ovei’flow chamber at the end of a 30-in cast-iron sewer at Tomp¬ 
kins ville, Staten Island, N. Y., is used for two purposes. The sewer 
is likely to operate under pressure at times, and consequently the sewage 
must have its velocity checked before it is discharged at the bulkhead 



Fig. 247, —Overflow tmd transformer ohamber, Staten Island, New York 


line of a pier 465 ft, long. To accomphsh this a combined transformer 
and overflow chamber was built. ^ The transformer chamber (Fig. 247) 
is about 6 ft. long and is at the head of the overflow chamber, so-called, 
which is really what British engineers call a stilling chamber. It is 
66 ft. long and its purpose is to reduce the velocity of the storm-water 
discharge by providing a greatly enlarged channel. This chamber and 
the 16-m. storm-water drain servmg an adjoining railroad yard end at 
the bulkhead line, but the dry-weather flow is discharged through a 
12-in castriron pipe carried on slings undqr the pier floor to its outer end. 

In the overflow structure in Fig. 248, one method of getting around 
the uncertainty and inefficiency involved in the use of side weirs is 
illustrated. In this design the weir is placed directly across the line 

'^Bng Ttecord, lOOS; 57, ISO. 
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Fig. 248.—Overflow weir at Louisville, Xy. 





REGULATORS, OVERFLOWS, OUTLETS, ETC. 


641 


of flow and the sewer is swung aside, thus reversing the arrangement 
used with side weirs. The discharge of a weir m this position can be 
determined by the usual weir formulas with greater certainty than can 
be done with the weir in the side wall of the conduit as the variation in 
head along the crest will presumably be smaller. 

Baffled Weir.—A structure planned to avoid some of the uncertain¬ 
ties involved in the design of side weirs is the "baffled weir,” illustrated 
in Fig 249, which shows the Crouse Ave. connection to the mtercepting 


j\SifreefiSurfyce 



Sedlonal Elevation A'A 



Sectional Plan 

Fia. 249.—Baffled weir, Syracuse, N Y. 

sewer at Syracuse. This structure was built on the existing eggnshaped 
Crouse Ave. sewer by Glenn D. Holmes, Chief Engineer of the Syra¬ 
cuse Interceptmg Sewer Board. A horizontal 4-iii concrete slab is 
placed across the sewer at an elevation which permits the desired maxi¬ 
mum flow in the mtercepter to pass underneath. A deflecting wall or 
baffle set at an angle of about 40 deg. with the axis of the sewer diverts 
the flow above this slab into a rehef sewer depressed to allow for entry 
and velocity head losses This structure is of further interest because 
it was built m an existing manhole under the main passenger tracks of 
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the New York Central Railroad, where construction work of any kind 
was difficult. Relief structures of this type have been used abroad and 
have the advantage over ordinary side weirs of economy in size of struc¬ 
ture and more definite control of the quantity of sewage remaining in the 
sewer below the akiTmning plate. 

A later modification that has been used by Holmes is to omit the 
horizontal cut-water slab and rely entirely on atop planks set in grooves 
in the sewer walls, to deflect the desired quantity of storm water. Ho 
used two IS-in. deflectmg baffles set at an angle of 46 deg. with the direc¬ 
tion of flow. The upstream baffle is 9 in. higher than the downstream 
baffle and comes mto service at periods of maximum flow. The down¬ 
stream baffle deflects ordinary excess flows and can overflow if it 
becomes clogged underneath. 

Experiments at the Massachusetts Institute of Technology by Tyler, 
CaroUo and Steyskal in May, 1928, mdicated that the horizontal skim¬ 
ming plate was not advantageous, and also that a deflecting buUdiead 
placed squarely across the conduit, with its bottom edge at the elevation 
of the weir crest, was more efficient in deflectmg excess flow over a side 
weir than one set at an angle They suggested as a result of their 
experiments, that by making the elevation of the lower edge of this 
bulkhead adjustable, it could be set to pass the desired amount of 
sewage down the main conduit and would force much larger discharges 
over a side weir of given length of crest, than could be discharged by a 
similar weir without the bulkhead This increase in discharge is due to 
an increase in head on the weir caused by the change of velocity head to 
static head above the bulkhead. A condition of non-uniform flow 
exists at and below the bulkhead and a jump may be produced. A bend 
or a flat gradient downstream may force the jump back against the 
bulkhead, which increases the discharge over the side weir, while 
comphcating the hydraulic computations for the structure While the 
range of the experiments was not great enough to prove that these 
results would be obtained under all conditions, the indications are 
significant. 

In considering the hydraulic problems involved, the study must bo 
largely theoretical, as there are few experimental data available upon 
which to base the design. If the area below the deflecting baffle bo 
considered as an orifice, contraction will occur on the side in contact 
with the baffle. That this contraction may appreciably depress the 
surface of the sewage below and thus determine the elevation at which 
the baffle or s kimm er should be set, is evident from experiments reported 
by Nimmo.^ The increase in velocity due to pressure head should 

1 Nnaio, W. H R, "Side Spillwajra for Regulatins Divendon OanBla,” Trana. Am, Soo, 
C. B., 1928, 89, 1561. 
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also be taken into account, together with the rise in level further down¬ 
stream where the conditions of gravity flow in the sewer will have been 



Defoil of Siphon 

Fig. 260. —Siphon relief structure on intercopting sower, Akron, Ohio. 


reestablished. The elevation of the overflow weir and of the lower edge 
of the baffle may then be determined. 

Siphon Spillways.—The siphon affords a means of regiilating the 
maxunum water-surface elevation in a sewer with smaller valuations in 
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high-water level than can be secured with other devices. It works 
automatically and without mechamsm and, as it utilizes all of the avail¬ 
able head, discharges at higher velocities than do overflow weirs Tho 
authors know of only two instances where siphons have been used for this 
purpose. While this device has obvious advantages, its infrequent uso 
IS due, doubtless, to inadequate information concerning certain mattei’S 
pertainmg both to its design and operation, such as, for example, the 
Tm'mTnnm head required, for pruning, the possibihty of odors where 
vents are required to remove air from the outlet chamber, or possible 
noise and vibration from sudden starting and stopping of tho siphon. 
Fig. 260 shows one of the siphon rehef structures refeired to, which was 
installed at the end of the mterceptmg sewer at Akron, Ohio. Tho 
purpose of this structure is to prevent the water level bolow the coarse 
racks from rising above the elevation at which the flow to the treatment 
plant is ]ust equal to 93 6 milhon gallons daily, the design capacity of 
the plant, or, in case it becomes necessary to shut down the treatment 
plant, to remove the entire flow of the intercepting sewer. The sewer 
system of Akron is on the combined plan and the capacity of the inter- 
cepter is 252 million gallons daily. The siphon reliefs, four in number, 
are each designed for about 65 milhou gallons daily capacity This 
structure was built in 1926 but has not been in service to date (1928). 

The approximate cross-section for the siphon throat can be deter¬ 
mined by the formula 

Q = ca‘\/2gh 

Where Q = discharge in cubic feet per second 
c = coeflScient of discharge (0 6 to 0 8) 
a = area of cross-section of throat in square feet 
h = head in feet 

A trial section may then be drawn, the losses doternnncd for this 
section, and the corrected values of Q or a computed Tho design then 
involves workmg out such details as the method of venting, shape of 
section to meet the particular requirements and the fixing of elevations 
of inlet, spillway, outlet, and air vent. An air vent with area equal 
to a/24 has been found to be ample. The siphon inlet should be large 
so that the velocity at entrance will be small, thus preventing largo 
losses of head The section tapers gradually to tho throat and tho 
lower leg, which may be either vertical or inclined, is of uniform section 
or shghtly flared. The outlet is so constructed that air bubbles formed 
during primmg wiU be carried out of the siphon. 

When the water level rises to the spillway elevation water begins to 
flow m a thm sheet over the crest and falls against tho opposite wall, 
sealing the siphon. This method of sealing is not necossaiy if the outlet 
is submerged. As the water level in the intercepting sewer rises, it 
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seals the air vent and the falling sheet of water carries out the air remain¬ 
ing in the siphon. This priming process is usually very rapid, requiring 
only a few seconds, so that the maximum water level corresponds approxi¬ 
mately to that elevation at which the air vent is sealed or to the eleva¬ 
tion of the spillway, if the latter is the higher. The siphon discharges 
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Longitudinal Seeflon. 


Cross Section. 
(Looking Down.) 


Fig. 261.—Leaping weir at Milwaukee, Wis. 


tiU the water level drops below the vent and enough air is admitted to 
stop the siphonic action. The process is then repeated and the water 
level is held within the desired limits which are thus fixed by the relative 
heights of spillway and vent opening. By using siphons on both sides 



of the intercepting sewer the rate of discharge per umt length of relief 
chamber is increased and greater compactness of construction may be 
secured. The maximum operating head, theoretically, for a siphon is 
about 33 9 ft. at sea level, decreasing at the rate of about 1 ft. for 860 
ft. increase m elevation above sea level. This is more than ample for 
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Buch uses as may be found for siphon reliefs on sewer construction. In 
a paper on “Siphon Spillways” by G. F. Stickney/ it is stated that the 
efl&ciency of siphons that have been constructed for reservoir spillways 
is from 60 to 70 per cent. Tests on a model at the hydraulic laboratory 
of the Massachusetts Institute of Technology gave a coefficient of dis- 




cl^ge of about 0.64, while Weirich (France, 1917-1918), also working 
with a model, obtained a coefficient of 0.97. The reason for the unusu¬ 
ally high efficiency obtained by Weirich is not given in the published 
report and similar efficiencies have not been attained elsewhere. 

A siphon relief structure has been constructed at tlie North Side Plant 
in Chicago, by the Sanitary District, but has not as yet (1928) been put 
into service. 

^ Trana. Am. Soc C. E., 1922, 85, 1088 
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Leaping weirs consist of openings in the inverts of sewers so con¬ 
structed that the ordinary flow of sewage proper falls through the 
openings and passes to the interceptors At times of storm, the 
increased velocity of flow causes most of the sewage to leap the openings 
and pass on down the sewers to the storm outlets. The first use of the 
device is commonly attributed to J. P. Bateman, designer of the first 
water works of Manchester, England. 

The first use of the leaping weir in this country is believed to have been 
in Milwaukee, where 12 branches to the Menomonee intercepter were 



0 01 0.1 O-i QA 05 1.0 1.5 2S> 

Total Dlacharge, cu.ft. per sec. 

Pig 264 —Ssrraouae leaping weir expemnenta. 


connected by means of leaping weirs in 1887 and subsequent years. 
One of these connections is shown in Fig 251. 

The most simple type of leaping weir is that in which the dry-weather 
flow drops through! a sht cut across the invert of the combined sewer. 
Such a weir used in Cleveland, Ohio, is shown in Fig. 252. Th6 tjqie is 
used on the smaller sewers and is known locally as the weeping weir; 
for larger sewers the manhole shown in Pig. 241 is preferred. Regarding 
the former Estep states. 

In the smaller systems this type is about as satisfactory as can be installed. 
We make calculations os to the amount of dry-weather flow in each case 
from the acreage, and then compute the size of the opening required to pass 
this amount of sewage. 

In one branch of the intercepting sewer system of Syracuse, N. Y , 
leaping weirs were used at the connections of existing sewers with the 
intercepters, and float regulators were also employed to safeguard the 
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intercepters against stircharge. The later type of weir employed at 
Syracuse is shown in Fig. 253 It is formed with an inclined weir plate 
inclined upward so as to give a spoutmg effect and permit of a wider 


Table 167.— Steacush Experiments with Leaping Weirs 
(Glenn D. Holmes) 
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opening than in those originally built, thus reducing the probability of 
stoppage. During dry weather when the quantity of sewage is small and 
the velocity slight, the sewage drops over the weir into the channel lead- 




SattlottQl Plan. 

Fig. 266.—An adjustable leaping weir. 

ing to the intercepter. At times of storm flow, the increased velocity 
causes the desired amount of the sewage to leap the opening, where it is 
caught behind a cast-iron inclmed plate which may be adjusted in posi¬ 
tion, so as to vary the width of opening Several of these weirs have 
been in use for over 16 years, and have given good satisfaction. Glenn 
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D. Holmes, Chief Engineer of the Syracuse Intercepting Sewer Board, 
states that 90 per cent of these leaping weirs have never received atten¬ 
tion. When clogging occurs, notice is given by overflow into the water 
course during dry weather. 

Tests were made upon a model weir of the type shown in Fig 264 
under Holmes’ direction, the results of which are given in Table 167. 

Another method of constructing a leaping weir with an adjustable 
width of opening, as suggested in Moore and Silcock’s “Sanitary Engi¬ 
neering,” IS shown m Fig 255. The following analytical treatment of 
the device is taken from that source, where it is credited to Prof. W C. 
Unwm: 

Let h be the head of water over the upper lip of the opening, x the liori- 
zontal distance from the upper hp to the edge of the lower hp on the farther 
side of the opemng, y the vertical drop from the upper hp to the edge 
of the lower hp, and t the time for a particle of water to pass from one lip 
to the other. For practical purposes, the mean velocit y of the water will be 
V = 0.67-\/ (,2gh). But y = 0.5^«* and a: = 0.67f'\/ {2gh). Thon'y = 
0 56x^ -5- h. 

From this the width which the jet will just pass over with a head h for 
any given difference of level can be computed. If, in addition, there is a 
velocity of approach, h must mclude the head necessary to give that velocity, 
VIZ., v‘^f2g. 

Silt Chambers.—One of the objections to practically all diverting 
devices is the fact that silt is diverted mto the intercepting sewers and is 
also likely to accumulate m the space reaching from the woir to the 
intercepting sewer Not only the silt brought down by dry-weather 
flow, but that carried or rolled along the bottom by stonn water, is 
accumulated in this space This is likely to give rise to deposits. Even 
in so carefully designed an overflow as that at Cleveland, where there 
is no dead space behmd the weir, the silt dragged along the bottom by 
storm water cannot pass the wen but must be carried on into the inter¬ 
cepting sewer. 

In some cases, particular care has been given to the design of basins in 
which the silt carried down with the sewage can be retained and pre¬ 
vented from passing into the intercepting sewer. Two different ideas 
have been followed in desigmng such basins. 

In one case a sump is constructed to retain the silt, forming practically 
a catchbasin from which the silt can be removed from time to time. 
An example is shown in Fig. 266, an illustration of an overflow and 
silt basin used at Harrisburg, Pa., built from the designs of James H. 
Fuertes. The drawing requires no explanation 

In the other type a depression is formed in the sewer, above the 
regulator, so shaped that the silt will be scoured out by storm flow and 
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carried down the storm sewer to the overflow One of the best examples 
of this type is seen in the illustrations of the storm overflows at Washing¬ 
ton, D.C. (Figs 237 and 238). In the first of these overflows the silt 
chamber consists of a depression in the invert of the main sewer. This 



Vertical Section A“B. 

Fig. 266.—Overflow and silt bamn, Harriaburs, Pa. 


3 suflScient to retain the silt brought down during ordinary times. At 
imp p of storm, when the regulator gate is closed, the high velocity 
cours out the accumulated silt and carries it over the dam to the storm- 
/■ater outlet. In the second illustration there is a silt basin of con- 
iderable size in the chamber above the regulator gates. By opening a 
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sluice gate at the side of the chamber at times of storm flow, the silt 
can be forced into the storm sewer itself. 

An objection to either of these designs is that an opportunity ia 
afforded for orgamc matter to accumulate during low flows and to 
putrefy, thus fornung offensive pools of sewage. 

OUTLETS 

Strictly speakmg, the outlet of a sewerage system is the end of an 
outfall sewer at which the sewage is discharged There may be a 



Section and Plan through 
Dry Weather Outlet. 


SO 

Fig 267 —Dry-weather outlet, Minneapolis, Minn. 

number of these outlets in case the city has several storm-water outfalls 
or overflows. In every case, the object should be'to discharge the 
sewage at a pomt where its presence will cause no offense,' the disposal 
of the storm water is not so diffi cult because it contains less organic 
matter and is not dehvered continuously. Whore the water is quiet 
the outlet of the outfall sewer is usually submerged to a considerable 
depth, while if the sewage is discharged mto a stream flowing rapidly 
at aU times, the outlet need not be submerged, provided the sewage 





Section through Outlet, 
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passes into the stream at a point where it is certain to be carried away 
and dispersed rapidly In the case of outlets in tidal waters, it is 
generally impracticable to place them high enough so that they will 
not be entirely sealed at high tide; accordingly, the discharge of sewage 
is checked dunng the portion of the tidal flow when it is likely to be 
swept back ^ong the shore, and accelerated when the tide is going out. 

A different outlet is sometimes built for combmed sewers than for 
those carrying nothing but sewage, because sewage must be discharged 
with much greater precautions to prevent nuisance than are required 
for the storm water flowing from combmed sewers or drains A com¬ 
bination of these conditions is illustrated m Fig 267.^ This outlet 
was built at Minneapolis, where the level of the Mississippi River, into 
which the sewage is discharged, fluctuates materially The conditions 
made it practicable to build a double outlet, by which the dry-weather 
flow is carried out farther into the stream and to a lower level than the 
storm water. Two 16-in. cast-iron pipes run out below the paved apron 
in front of the storm-water outlet, and discharge the dry-weather 
sewage 6 ft. below low-water level m the river. The invert of the 
storm-water sewer is 9 m below the high-water level in the nver, so 
that the sewer will have a free discharge at all times. 

Much the same plan is followed in the outlets of the sewerage system 
of Winnipeg, built from the plans of Col. H. N. Ruttan. The outfall 
sewers are built of concrete until they approach the banks of the rivers 
into which they discharge. Each outfall is then contmued by a wooden 
sewer runmng out on pile bents at an elevation of 3 or 4 ft. above the 
nver. Its outer end is closed by a large flap door, which floats upward 
when the river is in flood. About 10 ft. from the outlet end, a small pipe 
drops from the invert and is then carried forward on piles 60 ft. or more 
beyond the end of the main outlet, to take the dry-weather sewage well 
out into the stream in tunes of low water. These outlets are protected 
against the heavy ice floes by a sloping ice breaker of 6 by 6-in timber, 
laid so as to carry the ice over the structures 

Where the sewage must be carried out into comparatively deep water, 
the outfall sewer is generally a cast-iron or steel pipe ending in a quarter 
bend or a tee, by which the sewage is discharged upward. A tjqiical 
outlet of this character was built in 1913 to carry the effluent from the 
Rochester sewage treatment works into Lake Ontario. The pipe is 66 
in. in diameter and made of half-mch plate, the straight portions being of 
the Lock-bar type with smgle riveted joints every 30 ft, and the bends of 
short sections with double riveted longitudinal seams The submerged 
portion of the pipe was laid in a dredged trench 8 ft. deep until a depth 
of 35 ft was reached, when the trench was shallower. The minimum 
backfill over the pipe was 2^ ft The pipe terminates m a timber crib 

^Eno Record, 1011, 03, 382. 
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7,000 ft. from the shore, and the discharge is at a point where the water 
is about 50 ft. deep The crib or outlet structure is 46 ft. square by 24 
ft. high, built of 12- by 12-in. hemlock timbers laid to form 26 pockets, 
which are filled with stone except where they are occupied by the pipe. 
The bottom of the crib is 3 ft. below the bottom of the lake and is sur¬ 
rounded with riprap extending 10 ft. up the sides of the stmcture. The 
top is 26 ft. below the mean low-water surface of the lake. The pipe 
discharges 10 ft. above the bottom of the lake, being raised as it passes 
through the crib Built into the crib near the outlet is a three-way toe, 
the side openings being 38 in in diameter This was placed to provide 
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for future extensions in case it is deemed necessary,to discharge the 
effluent at more than one point, to promote more thorough dilution. 

The outlet of the joint trunk sewer of northeastern Now Jersey, on 
the shore of Staten Island Sound, is fflustrated in Fig. 268. Like many 
of the outlets m the vicimty of New York Bay, it is below a wharf, which 
was constructed in this case in return for permission to establish the 
outlet at this place. The wharf is 60 ft. wide and about 40 ft. long, its 
base at the dock line making an angle of about 76 dog with the axis of 
the sewer. The 72-m brick sewer terminates in a brick chamber 7H ft. 
square at the upper end of the wharf, from which a 36-in. cast-iron pipe 
extends a distance of 36 ft to the bulkhead of the wharf, where its crown 
is 2}4 ft. below low-tide elevation. This pipe is carried on piles independ- 
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ently of the wharf and is said to have enough capacity to discharge at 
the dock line, where there is a strong current, a volume of sewage equal 
to that delivered to the chamber by the 72-m. sewer. Owing to some 
doubt as to the stability of the foundations in this vicimty, the last 80 
ft of the brick sewer rests on a 4-in. plank floor S ft wide, supported on 
three 10- by 10-in stnngers which are earned by three rows of piles. 
This structure was designed by Alexander Potter, Chief Engineer of the 
commission representmg the seven communities interested jomtly in the 
work. 

The outlet of the southern outfaU system of Louisville is shown in 
Fig 259. It is at the end of a sewer 10 ft 1}4 in. high and 10 ft. in. 
wide. It includes a drop chamber 93 ft. long, built on concrete piles on 
the steep incline running down to an outlet structure 66 ft long, the 
foundations of which rest on rock. 

The crown of the outlet wiH be below the surface of the water in the 
river at all times after the proposed 9-ft. stage of the Ohio recommended 
by the War Department has been estabhshed by Congress Before 
that time there may be occasions when the outlet will be partially 
exposed during extreme low water; during floods the river rises many 
feet above the outlet, the maximum being probably about 70 ft. 

In determimng the size of the drop and outlet structures, a hydraulic 
grade was assumed from the top of the sewer at the upper end of the 
drop chamber to the surface of the water in the river when at El. 415, 
or 32 ft. above the elevation for the 9-ft river stage This elevation is 
rarely exceeded during freshets in the winter, in June the height of the 
water has exceeded this stage only twice in 35 years, and remamed above 
it for only a very short period of time then. Storms of great intensity 
are not frequent in this locality except in June, July, and August, and 
are very rare during the winter. The possibility of the occurrence of 
rainfalls of such high intensity as to tax the capacity of the sewer, 
occurring at a time when the river is above El 416, was considered by the 
engineers in charge of the work to be very remote, and for this reason i\ 
was believed to be safe to base the design of the drop and outlet struc¬ 
tures upon the hydrauho grade mentioned. The outlet structure will 
generally be submerged in the river, and occasionally at times of extreme 
floods the entire drop chamber and even the outfall sewer itself will be 
submerged for some distance. It was considered impossible to provide 
adequate drainage in the city dunng storms of great severity occurring 
at a time when the nver is at an extreme flood stage Such conditions 
are so rare that they must be construed as an “act of Providence,” for 
which the city should not be expected to make provision. 

There have been mdications of a strong tendency of the river bank to 
move toward the river after the falling of the water in the late spring or 
summer. The bank is composed, to a large degree, of silt, which 
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becomes saturated dunng high stages of the river, and is very hea'' 
when wet, possessing little stability Underlying the silt is a bed 
coarse sand and gravel, through which large quantities of water a 
flowing contmually toward the river. The action of this water at tl 
surface of the gravel probably tends to assist the sliding action of the si 
above In anticipation of any such action and its consequent effe 
upon the sewer at its outlet, the foundation was earned down to b« 
rock, as illustrated. For a short distance, the rock was excavated to 
depth of 4 or 6 ft. and the foundation carried down m this pit to form 
key to guard further against any movement. 

The drop chamber was built on piles to assist in resisting any possib 
movement, as well as to support the structure in case, by any chance, 
should be undermined by the action of the river. These piles extend t 
the rock where it is within 20 ft below the masoniy, and 20 ft. into th 
ground further up the bank, in aU cases penetrating a long distance int 
the gravel underlying the silt. 

The outlet structure is 8 ft. wide and 8 ft high, with a semiciroula 
arch, vertical side walls nearly 3 ft high, and a comparatively flat bu 
curved invei’t. At its outer end two wmg walls were built out into th 
river, each making an angle of 46 deg with the axis of the sewer. 

The drop chamber has an arch, short side walls, and invert of the sami 
dimensions as those of the outlet structure In the center of the invert 
however, there is a chamiel 3 ft. wide and 2 ft. 10 ii.. deep, hned witl 
half-round vitrified sewer pipe This channel is for the dry-weathe 
flow, which will have a very high velocity The pipe hning was usee 
rather than vitnfled brick, because of the absence of longitudmal joints 
at which inverts on steep grades show the greatest amount of erosion 
and for its good wearmg quahties. On account of the velocity whicl 
will be obtained dunng the lowei* stages of the river, both the outlet anc 
drop structures have been lined with vitrified brick to the top of thi 
side walls. 

The outlet of the northwestern sewer in Louisville is of the samt 
general type but illustrates a different method of supporting such s 
structure. The cross-section in all places is 6 ft. 8 m. wide by 6 ft 
high (Fig 260). The outlet is submerged by the proposed 9 ft stage in 
the Ohio River. For a distance of 77 ft. from the headwall the grade i£ 
1 per cent. Then for a distance of 78 ft. the slope is 35.96 per cent, and 
finally for a distance of 256 ft, the slope is 6 88 per cent. 

The mouth of the sewer is protected by head and wing walls oi 
massive concrete, and the lower portion of the sewer rests on concrete 
columns built within steel caissons. The shell of the caisson was built 
of quarter-inch plate in 4- or 6-ft. widths, and each caisson was 5 ft. m 
diameter. These supports vaned from 20 to 26 ft in length. Each 
of them was surmounted by a cap which left 7 ft. of unsupported sewer 
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between piers. The minimum thickness of the concrete of the invert 
of the sewer, between the column caps, is 2 ft. The illustration shows 
the supports as planned; as a matter of fact, these columns proved so 
much superior, m this work, to the reinforced-concrete piles, that the 
last four bents of the latter were omitted and a column substituted for 
them. 

The drop chamber is carried on Simplex concrete piles with four K- 
in. twisted reinforcement bars extending from their top into the concrete 
of the invert of the chamber. 

The outlet of the Broadway outfall sewer (Fig 261) in the Borough 
of the Bronx, New York City, is 67 ft long on its outer side along the 



Fio. 261 .—Outlet of Broadway outfall eewer, Boroueh of the Bronx, New York. 

river, 41 ft. long on the inner side where the sewer joins it, and 21}4 ft. 
wide along the cross-section shown in the illustration.^ It has a total 
height of 22 ft. and is constructed of granite ashlar masonry with a heavy 
concrete roof. The invert of the end of the outfall sewer is at mean low- 
tide level. This sewer has a twin semicircular section. The sewage 
escapes through four openings in the front wall, each 8 ft. wide and 8 ft. 
high, and as the arch of the opening in each case is below mean low water, 
it is expected that no floatmg matter will leave the outlet chamber. 

The outlet of the 92nd Street sewer in the Borough of Brooklyn, 
New York City, shown in Fig. 262, includes an increaser chamber 80 
ft. long extending from the end of an 11-ft sewer where it emerges from 
a tunnel to a tnple sewer having three basket-handle sections carried out 
on a riprap embankment far enough for the sewage to be discharged into 
a portion of the Narrows having swift tidal current.^ The whole 
structure is very heavy, owing to the strong current to which it is 

‘ Eng. Record, 1006, S2, 660 
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FIQ. 264—Tide gates at Providence, R. I. 

ft 6 in anext The outlet hen a longitudmal wall 30 in. mde whirt 
ft. 6 m. apart, xuc Uoama alone the center hne of tlie 

Stoe.^^TCgeneral arrangement 

necessary. The entire structure is earned on piling sp 
on centers in each direction for the most part. 

TIDE GATES 

Wherever an outlet ends at a body of water subject to <!™^emWe 
flu^tione in level and rt ia neceaeary to prevent tluB water from enter 
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sewer, a backwater or tide gate is employed. This consists of a 
ng against a seat which inclines backward as it nses. The hinges 
3 at the top in case the gate consists of a single leaf, as is usually 
le, or they may be at the side, in case the gate consists of two 

of the earliest types of large tide gates to work satisfactorily was 
signed by Otis F Clapp while in charge of the sewer department 
vidence, R. I, of which place he subsequently became city 
r. This is shown in Fig. 204.^ Ordinarily the entire flow from 
n. lateral sewer dropped through the rack R in the bottom of the 
ir A mto the intercepting sewer at a lower level. When the 
of sewage became too great for the intercepting sewer, it rose 
ihamber A and swung open the gate G so as to-obtain an outlet 
L the storm sewer into Narragansett Bay. The gate G revolved 
ts aios, B, and also about the axis, C, so that it moved freely 
th a slight flow of sewage from the chamber A. When the tide 
up to the storm sewer, the gate was pressed firmly against its 
The adjustment of the gate m position was readily made by 
)f the nuts D The unusual feature of this design is the use of 
ig links for holding the gate 

number of years, the larger tide gates in Boston were frequently 
it the Bides Each gate consisted of two leaves, and as the seat 
lined with the top inward, as usual, when the gate opened it 
;htly as well as moved outward. Consequently it tended to 
c again when the pressure of the outflowing storm water and 
iecreased In order to make certain that tliis closmg should 
ce, it was customary to hitch to the back of each leaf a “bridle 
langing loosely from a substantial eye in the roof pf the gate- 
. On the lowest port of the chain as it hung between the roof 
closed gate was a heavy weight. This bridle chain tended to 
gates when they were open. This type of gate was known as 
n door’' and has now been abandoned on account of the number 
ments which wefre necessary to keep it in condition and because 
0 chains accumulated large masses of floating substances which 
d with their proper operation. 

qie of tide gate and chamber now used in Boston is shown in 
and 266. The rubber gasket of the wooden gate rests directly 
d of the cast-iron seat. The type of gate illustrated in Fig. 265 
’ly made for 12-, 18-, 24-, 36-, 48-, and 60-in. outfalls. The 
re held together by vertical binding rods, and in the lower part 
p a number of displacement weights are inserted, which make 
very sensitive to back pressure. A larger gate of the same 
rpe, designed for use in Boston, is shown m Fig. 266. 

lord, 1896; 81, 241. 




igitudinal Section. 

266.—^Boston tide gates, 1911 type. 
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Via. 266.—Tide-gate chamber, Boston, with McNulty gat^ (patented.) 
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Section. 


They are niaiiufactiired by the McNulty Engineering Company of 
Boston 

The tide gate used m Washington in the structure illustrated in 
Fig 263, IS shovm m Fig 267. Asa E. Phillips informed the authore 
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that these gates are made of double cross-lapped 3- by 12-in. Georgia 
pine, shipped directly from the southern mill where it is cut and kept 
under a damp cover until ready to place. The contact is made on the 
concrete gate seat by a rubber strip 3 in, wide and 1 in thick, set half 
into the wood. These gates have been very effective, requiring scarcely 
any attention, and have always been substantially watertight. They 
required no renewal or repair for 6 years after their erection, and very 
little for a number of years longer. 

The operation of tide gates by hand has been attempted at times, as 
at Hoboken, N. J., whore there were three thus served in 1912 and one 
which was a simple automatic flap gate hke those in Boston. James H. 
Fuertes found in that year that there was an attendant at each manually 
operated gate all the time, 12-hour shifts being in force, and each man 
followed a system of his own in managmg the gates. At one place the 
gates are opened 1 hour after high tide and closed 1 hour after low tide, 
with some variation during very high or low tides. At another place 
the gates are opened from 3>2 to 4 hours after high tide and closed from 
2 to 2>^ hours after low tide. Observation showed Fuertes that the 
proper time to open the gates was directly after high tide and for closing 
them 2 hours after low tide, and that automatic gates would probably 
give better service than manual operation of the kind likely to be 
provided 


VENTILATION 

For many years the provision of special structures to aid the ventila¬ 
tion of sewers was one of the most troublesome tasks of the designer 
The gravity of the problem is probably not appreciated today, when the 
necessity of good grades and construction is so generally recogmzed that 
the conditions which frequently faced a city engineer not many years 
ago are hardly to be believed. Wlien the sewerage systems frequently 
contained old sewers which had either been so constructed as to cause the 
formation of banks of sludge and pools of septic sewage, or had been 
allowed to fall into such a dilapidated condition that the same evil results 
followed, it is not surprising that engineers os weU as the general pubhe 
had good reason for behoving that there was such a thing as “sewer gas.” 
There were a number of books written on the subject of this “gas” and 
it was naturally seized upon as an explanation of various diseases of city 
dwellers, although the relation between the two was never shown. 
One result of the offensiveness of the air in many sowers was the practi¬ 
cally universal use at one time of main or house traps between the sewers 
fl.nd the plumbing systems in buildmgs. The presence of these traps 
made it impossible to ventilate the sewers through the soil pipes within 
the buildings. 
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In some cases, however, ventilation was afforded by a pipe run up 
from the house drain, just outside the mam trap, and generally carried 
above the roof on the outside of the building, although this position was 
often impracticable and substitutes were adopted, one of the worst being 
to have the ventilating pipe terminate in the “ area ” in front of the house, 
a foot or two above the ground. Many other methods of ventilating the 
sewers were'also tried. One of the most obvious, which is still exten¬ 
sively employed, was to use perforated covers for the manholes At one 
time perforated trays of charcoal were placed in the shafts of the man¬ 
holes, in the belief that the sewer air in passing through them would be 
disinfected. In order to increase the draft up the vent pipes on the faces 
of the buildmgs, many kinds of cowls to surmount them wore invented. 
Sometimes the riser was provided with a bent pipe admitting fresh air 
to the mtonor in a vertical direction, with a gas jet in the center of the 
vertical portion of this inlet, so that the flame of the jet drew a current 
of air constantly into the riser and also helped the upward draft in it 
from the sewer. Ventilating street lamps have been installed, particu¬ 
larly in British cities, m which the air was drawn from the sewer in a 
pipe and sucked up a shaft resembhng an ordinary gas lamp post, by the 
draft of a gas lamp, through the flames of which the sower air had to 
pass before it could escape. 

With the steady improvement in the construction of sewerage systems 
and the abandonment or rebuilding of the old sewers which wore defec¬ 
tive, the annoyances duo to foul odors became so rare that it occurred to 
many engmeers that the necessity for main traps no longer existed where 
the sewers were m good condition, and that the ventilation of sowei-s 
would be greatly helped by the omission of such traps. This opinion led 
to a number of investigations of the real nature of sower air. One of the 
first of these was made by J. Parry Laws at the direction of the London 
County Council. He found that the bacteria in the sowei’ air were 
related to those in the external air and not to the bacteria of sewage. 
The inference he drew from this was that no matter how many germs of 
disease might be in the sewage they were not likely to enter the air 
above it unless the sewage splashed violently, as would be the case at the 
entrance of a branch sewer into a trunk sewer at a considerably different 
elevation, or where the sewage fell down a manhole shaft. There was 
httle probability, m his opinion, of bactona passmg from the walls of a 
sower to the air, after the sewage level had fallen, because he found in 
one experiment that an empty pipe sewer, to which largo numbers of 
bacteria must have been attached, effected no increase in the bacteria 
in a current of air sent through it. Although his experimental evidence 
was contrary to the probability of sewer air contaimng disease germs not 
found in external air, he nevertheless drew the following conclusions: 
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Although one is led almost irresistibly to the conclusion that the organisms 
found m sewer air probably do not constitute any source of danger, it 
is impossible to ignore the evidence, though it bo only circumstantial, 
that sewer air in some cases has had some causal relation to zymotic disease 
It is quite conceivable, though at present no evidence is forthcoming, that 
the danger of sewer an causing disease is an indiiect one; it may contain 
some highly poisonous chemical substance, possibly of an alkaloidal nature, 
which, though present in but minute quantities, may nevertheless produce, 
in conjunction with the large excess of carbomc acid, a profound effect upon 
the general vitahty. 

In 1907 Dr. W. H. Horrocks found at Gibraltar that where sewage fell 
vertically the air in the sewers contained the colon bacillus and various 
streptococci. He also found that it was possible to put easily recog¬ 
nized forms, such as B. prodigiosus, into sewage and recover them from 
the air of the sewers, into which it was assumed that they entered by the 
bursting of bubbles of gas rising from the sewage, from splashing of fall¬ 
ing sewage, or from the drying of the sewage left on the walls of sewers 
when the depth of flow dropped. Other experiments of the same nature 
were made about the same time by Dr F. W. Andrewes, and were 
recorded in the report of the Medical Officer of the Local Government 
Board for 1906-1907. 

Prof. C.-E. A. Winslow found in 1908, in an investigation for the 
Master Plumbers Association of Boston, that while the results of the 
investigations of Horrocks and Andrewes were undoubtedly correct 
qualitatively, the number of bactena thrown off from sewage was so 
extremely small that the local mfeotion of the sewer air was of no impor¬ 
tance whatever. The general oir of the house drains was found to be 
smgularly free from bacterial life. Even near the points where splashing 
occurred there were only four times when intestinal bactena were 
found, which led Winslow to conclude that, so far as infection 
is concerned, sower air is not to bo hold responsible for the spread of 
infectious diseases. 

In a later paper, “The Atmosphere and Human Health,”^ Winslow 
states that “os far as the transmission of disease microbes through the 
general medium of the atmosphere is concerned, epideimological 
evidence is overwhelmingly negative.” If the effect of splashing of 
sewage may be considered as somewhat similar to mouth spray dis¬ 
charged in speaking, sneezing, or cougliing, it seems probable that its 
effect could not extend to the air outside of the sewer itself. Winslow 
says that this 

mouth spray is a fine ram which settles quickly to the ground, hot a 
vapor which disseminates itself through the air, and Robinson and the 
speaker have found that the vast majority of the bactena discharged in 

> Trans. Am 3oo. C. E, 1026, 89, 316. 
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coughing, sneezing, and loud speaking disappear from the air beyond the 
radius of a few feet. 

He further reports that considerable attention has been paid during 
recent years to the relation of disagreeable odors to health. The belief 
that organic emanations in noxious odors may be toxic or predispose to 
disease has been defimtely proven to be ■without foundation in fact. 
The matter has been thoroughly studied from the standpoint of poorly 
ventilated rooms, rather than as directly applicable to sewer gases, but 
the findin gR throw hght upon "the causes of the feelings of discomfort 
accompanymg the breathing of foul air under conditions of inadequate 
ventilation. Here the decrease in oxygen and the increase in carbon 
dioxide and in products of orgamc decomposition (producing “body 
odors”) have been sho'wn to be insufficient cause for the ill effects 
experienced, but these are due to an increase in temperature and 
humidity. Tests made by the New York State Commission on Ventila¬ 
tion indicate a greater dismclination to physical exertion accompanied 
by falling off of appetite under conditions of poor ventilation. At 
Yale, experiments indicate a retardation of gro'wth of young guinea 
pigs when exposed to odors from the decomposition of organic matter. 

It is the general opinion of engineers today that when a sewerage 
system is well designed, carefully built, and properly maintained, the 
sewage passes from the houses to the disposal works or outlets in a steady 
course which affords little opportumty for the subsidence of suspended 
matter or the occurrence of offensive putrefaction and fermentation. 
Unfortunately, accidents occur which may cause sewage to collect in 
pools or at least to lose velocity to such an extent that more or less of the 
solids -will settle to -the invert. When this happens the sewer is likely 
to become offensive. It follows from this that the maintenance of a 
sewerage system should alwa}^ be well pro-vlded for, and those in charge of 
the work should appreciate the importance of investigating every 
complaint which is made regarding foul air from the sjT^tem These 
disturbances of the proper operation of the sewer network are generally 
considered as the only excuse for retaining the main traps on house 
connections, which are now believed by most engineers to be tlio main 
obstacle to the efficient ventilation of sowers. In other words, the 
recent improvements of sewerage systems, effected by a small expense 
for better engineering and more rigid supeiwision of construction, have 
saved a considerable expense in ventilating appliances and a great deal 
of annoyance to property o'wnors on account of disagreeable odors. 
Winslow stated in 1909, in a letter read before the Boston Society of 
Ci'vil Engineers: 

While we are right in spending money for plumbing which is free from 
gross defects, we are not as ob'vdously justified in recommending large 
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expenditures for refinements like back ventilation and intercepting traps 
between the house and the sewer. The trapping of ordinary fixtures does 
away with most of the possible dangers of sewer gas. There are plenty of 
traps which will give a reasonable degree of security against siphonage 
without back ventilation. 

One of the best proofs that these conclusions are correct is the fact 
that the laborers engaged continually underground in the sewers of 
Pans, who are kept under strict observation, show no indication what¬ 
ever that their work in sewer air has any effect on their health. 

There are a few authentic cases of loss of life in this country due to 
sewer air. One of these is mentioned on page 5G9, and occurred near 
the outlet of the Los Angeles outfall sewer. Another happened in a gate 
chamber of the intercepting sewerage system in Syracuse and a third 
happened in 1906 in a dead end in San Francisco. In each case it is 
probable that the gases given off by the changes in the composition of 
the sewage, which are usually earned along within the sewage to a 
certain extent, were liberated and collected at the places where the 
accidents occurred. The actual composition of the gases varies with 
the character of the sewage but may include air, illuminating gas, vapor 
from gasoline, carbon monoxide, carbon dioxide, and methane in varying 
amounts. Such accidents as have occurred have been due to the 
presence of some of these gases and indicate that the same precautions 
should be observed in entenng manholes as are observed in entering 
wells, viz, the lowering of a miner’s light to be certain that the air is 
safe to breathe, and avoiding the use of a flame unless protected as in 
the miner’s lamp The difficulties encountered from foul odors will be 
more in evidence at sewage treatment plants. The methods employed 
for controlling these by utilizing the gases formed are discussed in Vol. 
Ill 

The movement of air in sewers is due to a number of causes, such as 
the difference in unit weight between the outer air and that in the sewers, 
the difference in elevation of the various opemngs between the sewers 
and the external air, the flowing of the water through the sewers which 
tends to move the oir resting on the liquid, and the effect of the wind 
on the opemngs into the sewers, particularly the outlets of large sewers. 

Theoretically, the most effective opemngs for ventilation should be 
those in the manhole covers. The connections through which sewage 
and rainwater are delivered to the sewers from houses are likely to be 
filled from time to time by the discharges from those properties, while the 
traps used on many street inlets and catchbasins, if they are in proper 
condition, will be sealed by the water within them so that no air can 
enter or escape there. 

The effect of the temperature inside and outside the sewers upon the 
ventilation of the latter usually depends upon moderate differences in 
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temperature and the unit weights of air due to those temperatures, 
although the difference may be largo m winter. The movement of the 
sower air is theoretically toward the end of the laterals, since they arc 
at higher elevations than the trunk sewers and the warm sewer air which 
is endeavoring to escape during a considerable portion of the year will 
naturally rise, while the colder outer air will enter at the lower openings 
of the sewers Practically, however, it seems to be a fact that the wind 
and the drag on the sewer air due to sewage flowing down grade have 
some effect at tunes in checking the upward motion of the air. 

While these views are theoretically sound, they were shown to be of 
little practical importance by a very thorough investigation made in 
Leicester, England, in 1898-1899, by the borough engineer, E. G. 
Mawbey. When he took charge of the sewerage system it was provided 
with ventilated manholes and lampholes at the rate of about 37 to the 
mile Many complamts of foul odors were made, which finally led to tlio 
adoption of a policy of closing the manhole covers on ascertaining that 
odors actually came from them, and running ventilating pipes up the 
adjoinmg buildmg if permission to do this could be obtained. This was 
in accordance with the practice of many other English cities. In order 
to ascertain how much circulation was really obtained through these 
nmnhole covers, Mawbey carried out many experiments. In a ts^pical 
instance a 6- by 4-in. shaft was erected between two manholes 
150 ft. apart. Anemometer tests showed that in both manholes the 
outward flow of air, after the shaft was erected, exceeded the inward 
flow in the proportion of 69 to 20 in one case, and 41 to 19 in another. 
In another case where a complaint was made of odors at a manhole at 
the intersection of two large sewers, two stacks of 9-in. stoneware pipe 
were erected side by side and the manhole cover left open Anemom¬ 
eter tests showed that the upward flow of air with the double shaft 
amounted to 505,000 cu ft. per day, and although it was only about 94 
ft. distant from the manhole cover, there was an upward flow through 
the latter of 40,500 cu. ft a day, while the inward flow was only 18,000 
cu. ft per day. The cover was stiU a nuisance and was made tight. 
Many similar expenments were made, which showed that the column of 
air in the manholes was too low to make the ventilation through their 
covers a matter of any importance. This confirms the general American 
opinion that it is best to ventilate the sewers through the house connec¬ 
tions, when the sewerage system is in good condition and there are good 
plumbing regulations which are enforced stnctly. ; 

The authors have found that many complaints of offensive odors from 
sewers have been due to the discharge into them of industrial wastes, 
such as refuse from gas works. In one case the trouble was traced to 
crude oil, which had escaped from the underground piping of a forging 
plant and percolated into the sewer through leaky joints. Packing- 
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house refuse is particularly offensive, and if discharged into a sewer 
having a sluggish current it may be the cause of foul odors. Many times 
foul-smelling gases are forced tlirough perforated covers of manholes 
by steam discharged into the sewers In fact, odors are more likely to 
bo given off from hot than from cold sewage. 



CHAPTER XVIII 


PUMPS AND PUMPING STATIONS 

In the design of sewerage works, it may be necessary to provide for 
pumpmg where the sewage or storm water is collected at so low an 
elevation that discharge by gravity is impossible, as at Washington; 
to reach a desirable purification site, as at Baltimore; to Mt the sewage 
from areas too low to dram mto the main system by gravity; or to force 
water into streams or tidal inlets receivmg sewage, which would become 
offensive unless flushed in this way. 

Whether the sewage shall be lifted at one or more points is usually a 
matter to bo settled by companng the fixed and operating expenses 
correspondmg to different plans The operating expense of raising all 
of the sewage at one point is less than that of pumping at two or more 
points. On the other hand, if all of the sewers are made to drain by 
gravity to one place, their cost may be greatly increased on account of 
the deep cuts and large cross-sections necessary in order to obtain 
satisfactory velocities of flow. Various projects must often be con¬ 
sidered, both with and without pumping, and the extra cost necessary 
to dram to one pomt, together with the cost and the capitalized annual 
charges for operation and depreciation of the pumps must bo compared 
with similar charges for a project with two or more stations. 

PUMPS FOR SEWAGE 

The requirements for pumps to be used in elevating sewage or drain¬ 
age water differ considerably from those for pumping clean water. 
The lift IS comparatively small; simphcity and reliability are of more 
importance than high efficiency; valves (if required) and passages must 
be able to pass sohd matter with a minimum of clogging or rejiairs; 
and the posaibflity of automatically starting and stopping pumps to 
take care of variations in flow is often a controlling item. 

Types of Pumps.—^There are four types of pumps which may be 
used for sewerage and drainage work, namely, reoiprocating pumps, 
centrifugal pumps, screw pumps, and pneumatic ejectors. 

RECIPROCATING PUMPS 

As the name mdicates, a reciprocating pump is one m which water 
is displaced by the forward and backward motion of a piston or plunger 
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within a cylinder It is a positive-displacement pump, and each stroke 
of the plunger or piston necessarily displaces a defimte volume of water. 
The actual quantity pumped per stroke is less than the displacement 
by the amount of the slip, or quantity leakmg through the valves and 
past the plunger or piston. 

EeciprocStmg pumps are of two general classes, commonly known as 
power pumps and steam pumps. A power pump is driven from an 
external source of power, such as an electric motor, an internal-com¬ 
bustion engine, or a steam turbine, often through belting or gears, 
while in a steam pump the power is transmitted from the steam pistons 
directly to the pump In the larger sizes of steam pumps, the employ¬ 
ment of cranks and flywheels is common: such pumps are commonly 
called pumping engines. 

The use of reciprocating pumps for sewage or drainage water usually 
necessitates 

а. Screenmg the sewage for the removal of solids large enough to 
clog the pumps. 

б. Setthng the sewage to remove grit which would cause rapid wear. 

c. A design of pump with large passages and with valves capable of 

passing the smaller sohds without clogging, and providing for repacking 
plungers and for takmg up wear without too groat difficulty. 

A considerable variation m the speed of a steam pump is possible, 
with a correspondmg variation of capacity, and changes in the sewage 
flow can be cared for to a certam extent by regulating the speed; but 
a power pump must generally be operated at a constant speed, and 
changes in the flow must be met by changing the number of pumps in 
operation, unless it is possible to equalize the rate of flow by mterposing 
a large suction well or reservoir. 

Pump valves for sewage must be either of the ball or of the flap type 
Ball valves are rarely used except for sludge Flap valves, which are 
generally used in sewage pumps, are either actually hinged or attached 
to the valve deck so as to move as if they were hinged. Flap valves 
frequently cause much trouble because sticks and rags are caught ,on 
their seats and hold them open. Hinged flaps are more often used 
than the simple flap pattern; they have a leather or rubber disk held 
between metal plates, the top plate having an arm runmng sideways 
to a hinge connection with the valve seat. The valve deck and valves 
of the Baltimore sewage pumps, built by the Bethlehem Steel Com¬ 
pany, and described briefly later in this chapter, are illustrated m Fig. 
268 . 

Reciprocating pumps for sewage are rarely used. In earlier years 
they were employed in a number of large plants because of the high duty 
which could be obtamed by triple-expansion or compound pumping 
engmes; but recent improvements in centrifugal pumping machinery 
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Valves open 

Fig 208 —Valve deck, Baltimore sewage pumpSi 
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have made it very nearly, if not quite, as economical in operation as the 
best steam pumping engines. The latter are much more costly, occupy 
far greater space, and require more attendance for their operation, than 
do centnfugal pumps 

There are several large pumping stations for sewage in which high- 
duty reciprocating pumps were installed years ago, which are still 
operating satisfactorily and economically Those at Baltimore and 
Boston may be noted especially. 


CENTRIFUGAL PUMPS 

Description.—A centrifugal pump consists of two principal parts, a 
fixed casing, and a rotating mipeller or runner, provided with one or more 



va7ies. Water is admitted to the impeller near the center or eye, either 
on one side (single suction), or on both sides (double suction). The 
vanes may be held between side plates which form part of the impeller 
(closed impeller), or the plates may be omitted or fastened rigidly to the 
shell of the pump, so that the impeller consists substantially of the shaft 
and vanes only (open impeller). When the impeller is rotated the water 
is thrown ofif at the periphery with a considerable velocity; and as the 
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water is confined within the casing (volute), the velocity is largely tranj 
formed into pressure. 

It is impracticable to build up sufficiently high velocities with a sing] 
impeller to overcome very high heads, but any lift can be pumpe 
against by arranging a number of pumps in series, each talang its suotio 
from the discharge of the precedmg pump When clean water is to t 
handled, two or more impellers can be mounted on a single shaft, and 
the casing is properly shaped to gmde the water from one impeller to th 
next, a multistage pump is obtained Such a pump is not suited t 
sewage, but it is seldom that heads are high enough m sewerag 










Fig. 270.—Vertioal oentrifugal pump, single suction, single stage. (Mom 

Machine Works.) 


work to require more than a single stage. Where comparatively higi 
heads are involved, two or more separate pumps can be arranged ii 
series. 

The early centrifugal pumps were crude and inefficient Even ofte 
considerable efficiency had b6en obtained in pumps for water, furnishei 
with closed impellers and guide vanes, it was still necessary to use opei 
impellers for sewage in order to reduce the clogging to a minimum, an( 
the efficiency of such pumps was low In recent years, however, grea 
improvements have been made, especially in the design of impellers o 
the “noncloggmg” or “trash pump ” type, and it is now possible to obtaii 
very good efficiencies in pumps which are remarkably free from clogging 
even when handling unscreened sewage. 
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The size of a centrifugal pump is defined as the diameter of the 
discharge nozzle. 

Centrifugal pumps are called yertical or horizontal, dependmg upon 
the position of the shaft. 



Fig. 271.—Section of vortical centrifugal pump for sewage. 

This aootion of a aowaRe pump bIiowb how tlio impellor (10) and the flexible oouplintt (1) are 
moipt^ on tlio abaft (7) which ia earricd by a oombinod radial and thruat bearing (3)^and 
guidc^ by a radial bearing (2) Where it puaaea tlvough the atuffing box, the ahiut ia pro- 
teotod by a bronze aleove {•0 The beannga rim In oil the level of whioh la indicated by the 
gagra (8) The auotion elbow (l2) with a (doon-out hole (0) la attached to the lower or 
auction bond (6) which la east oa part of the baae Tho volute eoalng (13) which may bo 
Ofo) aS LShoS. " imPoUera of varioua dlametcra aupporta the upper 


Figure 269 illustrates a typical horizontal doublensuction centrifugal 
pump, and Fig. 270 a vertical pump with single suction. A section of a 
pump of the latter type is shown in Fig. 271 Figures 272 to 277 
illustrate forms of so-called **non cloggmg” impellers especially designed 
for handling sewage and drainage water. 
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These and several other forms of “ nonclogging ” impellers have been 
developed especially to make it possible for the pump to pass solid objects 
of considerable size,^ and also to mimmize if not eliminate the possibility 



Fig. 272 —General view and aootion of closed impeller used in Foirbanks-Morso 
sewage and trash pumps. 

of clogging by rags or other flexible substances which might catch upon 
the vanes of the impeller They are particularly advantageous when 
pumps must be operated with a mimmum of attendance, and when 



Fig. 273. —Impeller of Morris Machine Works non clogging pump. 

screening is either impracticable or cannot be depended upon to remove 
the clogging substances Obviously, screens should not be omitted 
when a 4-in. or smaller pump is used. 

* For pumps not exaeediug 12 in in siie, the oommon requirement has been that they 
should pass spheres one size smaller than the pump 
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The requirements of and the experiences at New Orleans have had 
much to do with the development of pumps of this type Here all the 
sewage has to be pumped to the Mississippi River, and as the height of 
water in the river varies, it is necessary to have pumps which can operate 
satisfactorily against variable heads The earhest pumps, about 1904, 



Fig 274 —Impeller of American Well Works noncloggmg pump. 

had impellers containing three outlet passages, the spaces between these 
being either vacant or blanked off. These pumps were capable of 
passing large solids, but gave considerable trouble from vibration, the 
efficiencies were low, and fibrous material would accumulate upon the 



Fig 276. —Impeller of Yeomans nonclogging sowags pump 

vanes. Gradual development smce that time has resulted in the various 
types of “nonclogging” impellers illustrated. 

Many centrifugal pumps for sewage with impellers of the ordinary 
type are in service, and others ore being and wiU be installed Some 
pump makers who furmsh nonclogging impellers believe that these are of 
httle if any advantage in the smaller sizes of pumps, since with them the 
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sewage must be screened in any event. Others claim that the passages 
in the larger pumps are adequate for such solids as may pass coarse 
racks, and that nonclogging impellers are advantageous only in the 
smaller sizes. 



Fig. 276.—Impeller of "Non-clog” sowago pump. (^Chicago Pump Company) 



Fig 277 —Impeller of Worthington tniHli pump. 


Power for Centrifugal Pumps.—Any source of power can be utilized 
for driving centrifugal pumps, by direct connection of the shafts if the 
prime mover runs at the proper speed, or by the use of belts or gears if 
the prime mover runs at a different speed from that of the pump. 
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Vertical centrifugal pumps are moat conveniently operated by electric 
motors. The employment of any other type of power would generally 
involve the use of bevel gears or of belting containing a quarter-turn, 
neither of which is desirable In the case of a large pump, however, it is 
practicable to provide direct connections from the cylinders of a steam 
engine to cranks rotating in a horizontal plane. This has been done in 
some cases, notably m the large pumping stations of the (Boston) North 
Metropolitan Sewerage Works, where the three cylinders of triple expan¬ 
sion engines have been set 60 deg. apart to drive the vertical shafts of 
large centrifugal pumps, having impellers 7 ft 6 in and 8 ft. 3 in in 
diameter. 

Honzontal pumps may be conveniently driven from any source of 
power. The most common methods are • 

1. By electric motors through direct connections 
2 By steam turbines through reducing gears 
3. By Diesel or other internal-combustion engines, either through 
direct connection (for slow-speed pumps) or through belting 
4 By electric motors through belting (usually for small pumps) 
Electric power is particularly advantageous for this service from every 
point of view, except that of cost and, possibly, of dependability; and in 
some cases the cost may be as low as, or even less than, that for any other 
kind of power 

Priming Centrifugal Pumps.—A centrifugal pump, unless set below 
the level of the water to be pumped, cannot prime itself, and must be 
filled either by exhausting the air from the casing, or by admitting water 
from some external source until the air has been expelled. Once in 
operation, a centrifugal pump can continue to function with a moderate 
suction hft, preferably not exceeding 15 ft.; but if air collects m the pump 
casing, or even in comparatively small pockets in the suction pipmg, the 
discharge of the pump may be materially reduced or may cease 
altogether. 

Diagrams A, B, and C (Fig. 278) show some common methods of 
making suction connections which are practically certam to result in 
unsatisfactory operation, together with correct methods of making 
similar connections Diagram D shows (in plan) another common fault 
in suction piping, in such a case more of the water enters the impeller on 
one Bide than on the other, and the result will be unbalanced thrust, 
with the likelihood of overheated bearings 
Sewage pumps are not usually fitted with foot valves because of the 
solid matter in the sewage. When the variable flow of sewage involves 
frequent starting and stopping of the pumps, water-pressure eductor 
primers or steam pressure exhausting primers are not used because 
they are hable to be wasteful and slow in operation. A vacuum pump 
may be installed to exhaust the air from the suction piping and pumps 
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when the pumps are located so as not to be self-priming. These vacuum 
p riming units are usually selected so that they "will not be seriously 
injured if accidentally flooded by sewage and are also installed with 
protective devices which will shut them down or otherwise prevent 
them from being flooded with sewage 

For larger stations, this may include a vacuum manifold system on 
which a vacuum is maintained by the prinung pumps whenever the 
station is in operation 






Fig. 278.—Correct and incorrect methods of arrunKinp; suction piping of contrl- 
fugol pumps (Daytoit-Dmod Co.) 


If this manifold is at an elevation above the liighost.pump-suction 
level, aU of the pumps can be kept primed all the time. 

When pumps are installed without foot valves, care must be taken 
to prevent backflow when a pump stops, especially when the pumps 
may be stopped by emergency action of some protective device. This 
protection may take the form of check valves in the discharge pipes, 
sometimes automatically opened when the pump motor reaches full 
running operation and automatically closed by shutting down of the 
motor. On the larger units, this protection takes the form of a loop 
or siphon carried to a higher elevation than the highest discharge level. 
When these discharge siphons are installed they must be fitted with 
vacuum breakers which will automatically vent the top of the pipe to 
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“break” the siphon when the pump is not in operation to stop back flow 
through the pump due to siphonic action 

Setting Centrifugal Pumps.—It is common practice to set vertical 
pumps below the level of the sewage in the suction well, thus avoiding 
the necessity of priming The motor is located on the main floor, above 
the highest water level If the shaft is properly Lined up and if adequate 
“steady bearings” are provided to prevent vibration in the shaft, 
such a method of operation is advantageous. The pump may be sub¬ 
merged m the suction well, but this is generally undesirable, as it is not 
readily accessible for cleaning or repairs. It is generally more 
advantageous to locate the pump in a dry well adjoining the suction 
well, with which it is connected by a short pipe. 

Honzontal centrifugal pumps can be similarly set below the water 
level in a dry well, but this is usually disadvantageous because of possible 
damage to the motor in case of leakage of water into the dry well, as 
well as the greater difficulty attending satisfactory operation of a motor 
or engine in a deep pit. It is more common to locate the pump above 
high-water level, perhaps over the suction well, and provide the neces¬ 
sary means of pruning the pump. Automatic operation of pumps in 
such a location is more difficult than when they are under pressure or 
submerged 

Characteristics of Centrifugal Pumps.—It is customary to show the 
characteristics of any centrifugal pump by a set of characteristic curves 
which show the relationship between head pumped against, capacity, 
speed, efficiency, and power required (brake horsepower) Since 
centrifugal pumps are usually operated at constant speed, it is common 
to make up a set of curves showing the relationship between the other 
factors for the standard speed of the pump under consideration. Thus 
Fig. 279 shows for a 20-in Worthington trash pump, at 676 r.p m, 
that, if the total head were 54 ft., the discharge would be 6,000 gal per 
minute and the efficiency would be 56}i per cent, requiring 120 hp.; 
while if the total head were reduced to 34 ft the pump would discharge 
12,500 gal. per minute, and the efficiency would be 76 per cent, requiring 
140 b hp. The maximum efficiency at this speed is 78 per cent, 
which coiresponds to discharges ranging between 10,000 and 11,600 
gal. per minute, the corresponding heads being between 43 and 39 ft. 

These curves also illustrate one of the very important properties of 
a centrifugal pump, namely, that only a certain amount of pressure 
can be generated if the discharge be entirely stopped, as by closing a 
valve upon the discharge pipe. With this particular pump, if the 
outlet valve be closed (and there be no discharge) the total head (lift) 
will rise to only 61 ft., so there wfll be no danger of bursting the pump 
or pipes. This point is known as the “shutoff head” of the pump. 
Moreover, under such conditions the power required will be cut to 96 
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hp , which is less than at any other point in the scale, so that an over¬ 
loaded and bumed-out motor is also impossible from pumping against 
a closed valve. The power would be expended in churning the water 
around within the pump casmg, thereby generating’ some heat. Because 
of the possibility that under some conditions, if this were continued 
long enough, steam might be formed, causing the pump to lose its prim¬ 
ing or causing damage to the bearings and wearing rings (if they are 
designed to be cooled and lubricated by the liquid flow), pumps are 
frequently fitted with special water piping connections to provide lubri- 
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cation, whether the discharge valve is shut or not. These water con¬ 
nection also provide lubrication when pumps are started before they 
are primed, as is occasionally done with very large units, to decrease 
the heavier current inrush resulting from starting the motors with the 
pumps primed. 

A very important feature of the cehtrifugal pump's characteristic 
(for constant speed) is that the brake horsepower required by the pump 
usually mcreases as the head decreases, at least for quite a range. This 
is due to the greatly increased quantity handled by the pump at the 
mwer head, sometimes at considerably less than rnaYirmim efficiency. 
For tins reason, it is unportant to carry out the horsepower curve beyond 
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its maxiinum point in order to know what load might be put on the motor 
by a broken discharge pipe or by an unusually high suction level. 
Commonly used designs of sewage pumps will show a maximum horse¬ 
power not much greater than the horsepower required at the beet 
operating point and it is customary to put on a motor large enough to 
take care of this maximum horsepower. This is very important in 
sewage pumps because the time of high suction level (resulting in low 
total head) is hable to be the time of storm or other emergency condition 
when interruption of operation is most serious. 

SCREW PUMPS 

The impeller of a screw pump is similar in form to the propeller of a 
ship. Its rotation causes the water to move axially or along the shaft. 
Such an impeller may be installed in a casing or shell which is practically 
a section of pipe. Figure 280 shows a simple form of screw-pump 
impeller (for a small pump). 



Fig 280 —Typical impellor for small aorow pump. (^Worthington.) 

The screw pump is most advantageous in handling large quantities of 
Water when the lift is small, not over 15 or 18 ft. Its principal applica¬ 
tion has been for handling storm water which cannot be discharged 
directly by gravity, as at New Orleans. 

The Wood screw pump, designed by A B. Wood, mechanical engineer 
for the Sewerage and Water Boai-d of New Orleans, has proved satis¬ 
factory and efficient, and lias been extensively used. It is made in sizes 
from 3 to 12 ft. diameter. Figure 281 is a general view of such a pump. 
The pump proper is placed at the summit of a siphon The logs of the 
siphon are essential parts of the Wood pump. They are so tapered and 
given such easy curves that losses of head are minimized. Tests of a 
12-ft pump at New Orleans showed discharges ranging from 600 ou. ft. 
per second under a head of 3 ft., to 400 cu ft. per second under a head of 
10 ft., with efficiencies above 70 per cent throughout this range, and 
reaching a maximum of 80 per cent. The pump was operated at a 
constant speed. Figure 282 shows the method of setting this pump. 
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^ The Worthington Pump and Manufacturing Company makes a pump 
for similar service, the general arrangement of which is shown in Fig. 283. 



Discharge Bas!n / \ /% -- 

VffrX Suction Basm J/k 

Fio 282-Method of Bottma 12-foot Wood aopow pump at Now OrlooM, la. 

This is not a true screw pump, although called hy that name; hut rather 
a combination of a screw and centnfugal pump 
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The screw pump usually has the very desirable characteristic that 
with decreased head the capacity increases without correspondingly 
increasing the power required by the pump after passing tho best operat¬ 
ing point Therefore, with high water on the suction side or low overall 
head, the pump is more dependable rather than less dependable This 
feature is more important in a station contaimng several units, or when 
several pumps receive their power from the same source of energy. 



Fig. 283.—CroBB-sootion showing general oonstruotion of Worthington sorow 
pump for drainage and irrigation work. 


PNEUMATIC EJECTORS 

A pneumatic sewage ejector consists of an air-tight iron receiver with 
check valves on the inlet and outlet pipes, provided with a float-con- 
trolled valve or switch by the action of which compressed air is admitted 
to the receiver when the latter is filled. 

In municipal sewerage works, ejectors are sometimes used to lift tho 
sewage from small districts which are too low to be drained by gravity; 
and they have also been used extensively for pumping sewage from deep 
basements into city sewers. 

One of the earhest types of pneumatic ejector is the Shone, the present 
^rm of wkch 13 illustrated in Fig. 284. This ejector is now made by 
yeomans Bros Co. Its operation is extremely simple. Sewage enters 
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the receiver through the check valve B, and accumulates until the 
entrapped air lifts the inverted cup D, which closes the exhaust valves 
and opens the compressed air valve. The ah’ then flows into the receiver 
and forces the sewage through the check valve F and into the discharge 
pipe, until the level of the liquid falls to such a point that the weight of 
cup C and the water it contains causes the cups to drop and reverses the 
air valves. While the ejector is discharging any flow of sewage is 
retained in the inlet pipe, above check valve B. Figure 284 shows the 



Fig. 284.—Shone sewage ojootor. 


ejector discharging but nearly emiity. The operation will be repeated 
as long as sewage flows to the receiver and the supply of compressed air 
is maintamed, and the Seating of the chock valves is not prevented by 
solid matter. 

These umts discharge intermittently and consequently are usually 
installed in pairs and interlocked so that one discharges while the other 
is fil lin g. This gives a more nearly umform rate of flow in the discharge 
line and permits using a smaller discharge line than would be required if 
the pipe Ime had to handle the whole flow in intermittent periods of half 
the total duration. 

The Je nnin gs ejector (Nash Engineering Company) is similar in prin¬ 
ciple to the Shone. The principal differences in construction are in the 
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details of the check valves and float; but the float operates an electric 
switch controlhng an electrically driven air compressor, located in the 
same chamber as the ejector proper This compressor, the “Nash 
Hytor,” IS, therefore, an essential port of the apparatus. Figure 285 
illustrates the Jenmngs ejector. 



Fio 286 —The Jennings sewage ejeotor. 

EJECTORS USING CENTRIFUGAL PUMPS 

The term "sewage ejector” is not limited to pneumatic ejectors, but 
is used to include also any type of apparatus suitable for the same 
service. “Electric centrifugal” ejectors are in common use. They arc 
in effect small automatic pumping plants, including receiving tank, 
vertical centrifugal pumps, electric motors, and float-controlled switches. 
Figures 286 and 287 illustrate typical ejectors of this Idnd. 

The Yeomans ejector (Fig 286) uses a pump having a nonclogging 
impeller, and no screens are provided The Chicago Pump Company 
claims particular advantages for its “Flush-Kleen” ejector (Fig 287) 
because of the interposition of a strainer, as shown. All sewage entering 
the receiver passes through this strainer and then flows through the 
pump to reach the receiver. When the pump is started the discharge 
is through the strainer in the reverse direction, thus providing for auto¬ 
matic cleaning of the screen. The ejector illustrated is designed for 
installation in a dry well beside the receiver, but the same principle is 
apphed in a submerged ejector for installation in the collecting well. 
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Pis. 286.—Yeomans duplex ejector. 
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Fig. 287.—‘‘Flush-kloen " dry baein sewage ejector {Chusctgo Pump Co.) 
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The same company also makes an ejector in which an ordinary pump ] 
suspended m the sewage in the collecting well, and a screen basket i 
used over the inlet pipe; and another in which their “nonclog” puni 
is suspended m the weU, and screens are considered unnecessary. 

Centrifugal pump ejectors may be employed to lift the sewage r 
RTnn.11 districts which are too low to dram by gravity Although ther 
is no clearly defined hne of demarkation, the smaller installationa ar 
bkely to be called ejectors, and the larger, underground pumpm, 
stations Figures 288 and 289 show two typical forms of such pumpin, 



Fig 288.—Fairbanks-Morse underground stool tank sowago rolift station. 


stations in steel tanks, as made up by pump manufacturers The tanki 
are designed to be watertight, so that there should be no water m then 
except perhaps from condensation of moisture from the air. The 
manhole covers, however, cannot be depended on to be tight, and in 
case of very heavy ram when the gutters were flooded, sufficient watci 
might enter the chamber to fill it and injure the motor The Yeomaui- 
flood-proof station shown m Fig 289 would be safe in such a con¬ 
tingency, smee the entrance tube forms a trap which would retam aii 
in the top of the chamber, so that water could not get to the motor 

DESIGN OF PUMPING PLANTS 

In addition to the selection of type of pump and prime mover, the 
design of a pumping plant for sewage requires the detailed study of 
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several matters of major importance, as well as many minor items. 
Among the most important items are amount and variation of sewage 
flow, suction well, racks or screens, gnt chamber, lift of pumps (includ¬ 
ing friction in pipes), number and size of pumps, reserve pumps, source 



Pig 289 Yeomans flood-proof underground sewage pumping station. 


of power, supplementary power, method of starting and stopping pumps, 
size and location of piping and valves, meters, and gages. 

Suction Well.—The rate of sewage flow usu^y fluctuates widely from 
time to time during the day, and also varies with the day of the week 
and with weather conditions. In order to compensate for such fluctua¬ 
tions and make it possible for pumps to run at nearly uniform rates, 
without frequent stopping and starting, it was formerly the custom to 
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provide a suction well, with storage capacity sufficient in some cases to 
retain several hours’ flow. Improvements in electrical apparatus, 
making it possible to stop and start pumps automatically as often as 
conditions make it desirable, and the increasing popularity of electrically 
driven pumps, have made it practicable to operate sewage pumpmg 
plants with little or no storage; and as detention of sewage as the pump¬ 
ing station for sufficient time to allow it to become septic, or to permit 
appreciable sedimentation, is undesirable, suction wells are now com¬ 
monly made small or entirely omitted. 

When used, a basin of considerable area and small depth is generally to 
be preferred, smce the increase in hft corresponding to drawing down the 



Fig. 290.—Rack need at North Attleborough pumping station. {Barbour.) 


sewage m the suction well may be a material proportion of the total 
hft, and the operation and efficiency of a centrifugal pump may be 
senously affected by such a change. 

Racks.—The subject of racks and screens is treated in considerable 
detail m Vol. Ill, Disposal of Sewage, with particular reference to their 
use as elements of a sewage treatment plant 

Racks of some type are generally desirable, and sometimes neces¬ 
sary, in connection with sewage pumps, to prevent clogging the 
pumps by solids. Where nonologging centrifugal pumps are used, the 
necessity for racks is not as great as though reciprocating pumps or 
centrifugal pumps of the ordmary type were used; but the smaller sizes 
of even noncloggmg pumps are certainly unable to pass solids frequently 
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found in sewers, and it is generally wise to provide coarse racks to 
protect large pumps 

Where racks of any type are provided, it is essential to arrange 
for their regular and frequent cleaning. Racks of inclined bars with 
clear spaces not exceeding 2 to 2}^ m are to be preferred. For very 
small plants a type of rack which will not cause trouble from clogging, 
even if it should bo without attention for several days, is desirable. 

Figure 290 shows a typo of rack which is distinctly advantageous for 
such conditions. It was designed by Frank A. Barbour and has been 
used by him at North Attleborough, Marblehead, and other places. 
Located opposite the end of the sewer, and of considerable length 
compared to the diameter of the sewer, the rack is unlikely to clog 
sufficiently to cause trouble. It is easily raked by hand from a platform 
at the upper edge of the rack, and sections are easily removed and 
replaced when necessary The cost of construction is not excessive 

Head on Pumps.—^Attention has already been called to the fact that 
changes in lift resulting from fluctuating water level in suction wells 
may be of significance in the case of centrifugal pumps. If the sewage 
is discharged through a force main of considerable length, changes of 
the frictional resistance corresponding to changes in rate of discharge 
may be of much greater significance, particularly if there are several 
pumps and the number of pumps which may be in simultaneous opera¬ 
tion is varied. It is important that pumps be selected which can operate 
satisfactorily throughout the range of hfts which may be experienced. 

Reserve Pumps and Supplementary Power.—Even in small plants it 
is generally advisable to provide at least one reserve pump for use in 
case of accident or repairs. In steam-driven plants, there should also 
be at least one boiler in reserve. When power is provided by internal 
combustion engines, at least one engine should be provided as a reserve 
source of power. Such reserve engine may be of a type less expensive 
in first cost but more costly in operation than the engines in regular use. 

Supplementary power, from a different source than that generally 
employed, is desirable when practicable. Electricity is not generally 
practicable for supplementary power, on account of the high standby 
charges; but when practicable, electee power from other sources than 
those regularly used is extremely advantageous. Steam is undesirable, 
even when an old steam plant is to be superseded, because of the rapid 
deterioration of unused boilers, and of the time required to get up steam. 
Internal combustion engines are generally the most practicable source of 
supplementary power. In case of a small plant using horizontal cen¬ 
trifugal pumps, a gasoline engine at the opposite end of the pump shaft 
from the motor may be possible, disconnecting the couplmg to the motor 
and connecting that to the engine when the latter is to be used. In the 
case of vertical electric-motor-driven pumps, the only practicable source 
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of supplementary power is likely to be an electric generator within the 
pumping station, driven by an internal-combustion engine. 

Automatic Control.—Electrically driven pumps may be stopped and 
started automatically by float-controlled switches T^o develoiiment of 
this apparatus has been such that almost any desired operating schedule 
con be accomplished automatically, the pumps coming into operation 
successively in any desired order, and m the case of variable speed pumps, 
bemg speeded up or slowed down in accordance with changes in the rate 
of sewage flow or elevation of water m the pump well An excellent 
example of such control is the Westerlo Station at Albany, described in 
subsequent pages. 

Variation from the best operating speed of a motor-driven centrifugal 
pump IS hable to considerably reduce the overall efficiency of the umt 
because of the reduced efficiency of the motor combined with the reduced 
efficiency of the pump at other than the best speed of both. When lack 
of storage capacity makes it necessary to foUow variations in flow fairly 
closely, it is desirable to have several constant-speed units operated at 
their best speed, with small vanations m flow cared for by variation of 
speed of only one umt. Large vanations in flow are cared for by starting 
and stopping one or more of the constant-speed umts. 

Electnc power for pumps involves the usual forms of protection for 
the motor itself against overload, under-voltage and other irregularities 
of operation, accordmg to the size and type of motor and the character¬ 
istics of the power system from which it is supplied with energy. 

With the iacreasmg use of electric motor drive for pumps, much 
attention has been given to the automatic control of the motors. It is 
considered good practice to provide at least for handling the starting and 
stopping of the motors automatically after startmg has been imtiated 
by the pump attendant. 

Occasionally this is carried to the point of full automatic control of 
the pumping. When this is done, the ordmary electric protective and 
control equipment is extended to perform the following functions: 

Start the pump at high suction level. 

Stop it at low suction level, usually by float control. 

Go through the priming process in starting. 

Protect the pump while in operation, against damage because of 
air leaks, loss of priming, plugged suction pipe or pump, overheated 
beanngs, broken discharge Ime. 

When a pumping-station control is made fully automatic, it is neces¬ 
sary to mtroduce features which will cut off a pump permanently from 
the source of energy after it has made a certain number of attempts to 
start without co min g successfully into full operation, with provision for 
an alarm notifymg a responsible attendant of the failure of the equip¬ 
ment to function. 
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PUMPING STATIONS 

Pumping Htations liuvu l) 0 ('n chuspificid in a variety of ways, such as 
according to capacily nr iiatiiro of priino movers, but there is nothing 
gained by such an artificial analysis. The authors have accordmgly 
prepared brief descriptions of a iiuiiilior of stations, which illustrate the 
great variety of ways in which the problems duo to poor foundations, 
variable capacity reiiuirements, and dilTercnt methods of obtaimng 
power have been solved. In some cases, details have doubtless been 
om 2 )loyod which were duo to local coiuhtious and would not bo selected 
for a standard design; in studying the various plans, particularly the 
typo of pumi) drive, this influence of local conditions should not be 
overloolced. 

Ward Street Pumping Station, Boston (Metropolitan Sewerage 
Works).—This station, as originally constructed, is typical of the best 
practice of its date, where high-duty pumping engines were employed. 
It was built in 11)02-1904. The buildings are of brick with granite 
trimmings, and include an engine room 05 by 120 ft. for three 60,000,000- 
gal. pumiiing engines, of which two wore provided; a boiler room 38 by 
105 ft., for four vertical boilers; a coal pocket 39 by 52 ft.; a screen 
chamber^ 42 by 47 ft.; and a chimney 150 ft. liigh with a 6-ft. flue. Fig. 
291 shows plan and section of the station. The pumping engines 
(Fig. 292) were built by the Allis-Chalmei’s Company, and included 
vertical triple-expansion steam engines with cylinders 21, 38, and 58 in. 
ill diameter, with stroke of 00 in.; and there are three outside packed 
single acting plungers 48’f in. diameter and GO in. stroke. The fly 
wheels, two for each engine, are 18 ft. in diameter, and the speed is 25 
r p m. for a capacity of 60,000,000 gal. per day. The lift is 45 ft. Each 
suction and delivery chamljer contains 30 valves, making a total of 432 
valves for each engine. The nominal area of the waterway through the 
suction and discharge valves is about 200 per cent of the area of the 
pump plungers. Upon duty trial in 1900, those engines developed a 
duty of 162,700,000 ft.-lb. per 1,000 lb. of dry steam. Steam pressure 
was 160 lb. per square inch and slip was 3 to 3.0 per cent. 

Although these pumping engines have proved satisfactory and are 
still in use, nevertholoss, when a third pump was required, instead 
of providing another of the same t 3 q>e (as contemplated in the original 
plans), a centrifugal pump was selected. 

The station was originally put in service in 1904. Since that time the 
design of centrifugal pumps has been so improved that it has been con¬ 
sidered best to Bubstituto one of this type for the plunger pump originally 
intended. The cost of the centrifugal umt as compared with the plunger 
type unit is at present probably in tho ratio of about 1 to 6.® 

iTho Boreena at this Btftdon oro dosoribod In " American Sewaeo Praotloo," Vol III, 
First Edition, 321 ti seq. 

* Report of Metropolitan District CommisBion, 1024, 
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Tlie unit selected consists of a 36-m Morris Machine Works centrif¬ 
ugal pump TVith a capacity of 50,000,000 gal. per day against a total 
lift of 45 ft. (of which 14 ft are suction lift), directly connected to a 
Nordberg uniflow steam engme of 540 hp , and running at 150 r p.m., 
with a guaranteed duty of 103,000,000 ft -lb. per 1,000 lb. of dry steam. 

Baltimore.—The Baltimore sewage pumping station is provided with 
a rnnin engine room 182 ft. long, 50 ft wide, and 68 ft. high from the 
basement floor to the chords of the trusses. It was planned to contain 
eventually five pumping engines, two drainage pumps, a 20-ton electric 
crane, an electric switchboard, and valves and piping. Tliree pumping 
engines were installed in 1906, which were built by the Bethlehem Steel 
Company. These are of the vertical, triple-expansion, crank and fly¬ 
wheel type (Tig 293) rated at 27,500,000 gal in 24 hours against a head 
of 72 ft when the speed is 20 r.p m The pump has three single-acting 
plungers, 40J4 in in diameter and 60 in. in stroke, and the valve 
chambers have very large flap valves Each engine is rated at about 
400 hp. at normal speed On test the average duty was 165,000,000 
ft -lb. per 1,000 lb of dry steam, with an average slip of about SjJii per 
cent. Under operatmg conditions the slip has varied between 6 5 
and 10 8 per cent during the years 1914-1923, and the average quantity 
pumped from 18 to 28 milhon gallons daily.^ The discharge is through 
two 42-m cast-iron force mams, each provided witli a 42- by 21-in. 
Ventun meter. Between the engine room and the boiler room is a 
screen chamber where the sewage is first sent through movable screens 
and then through finer fixed screens over the ends of the auction pipes. 
The movable screens are in the form of bar cages, of winch there are 
two m series in each of two channels. Each cage is 8 ft. 1 in high, 7 
ft. 6 in. wide, and 3 ft. 3 in. deep The bars are in. in diameter and 
are staggered in such a way as to provide clear tlpenmgs 1 in wide. 
The fixed screens are gratmgs inclined 74 deg from the horizontal, 
with clear spaces K in wide. 

When preliminary designs were made of the station in 1000, contnfugal 
pumps had not reached their present stage of perfection and for that reason 
they were not used even though the first cost would have liocn coiiBidcrably 
less. It IB very likely, however, that the pumps which will bo installed m the 
future will be centrifugals ^ 

Columbus, Ohio.—sewage pumping plant built at Columbus, Ohio, 
from the plans of John H. Gregory® is shown in l<^g. 294. The 
engineer's description of it is as follows 

The sewage is first admitted to a long chamber, serving as a saiidcatcher, 
is screened to remove the coarser matters in suspension, and then passes 
into the suction well. The screemng device consists of two cages of steol- 

1 C E Kbhthh, Public TForftfi, 1024, 56, 207 

3 Trane Am Soc C E , 1010, 67, 282. 
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frame construction, holding removable sets of screens made up of %-in. 
square bars, 1 in. apart in the clear. The cages are raised and lowered by 
hand by a movable screen lifter hung from a travehng hoist and runway just 
below the ceihng of the screen room above The sub-structure is of con¬ 
crete, reinforced at various points. In the sub-structure of the engine 
room, in which are located the pumps and engines on account of the suction 
lift, the walls are hned with hard vitrified red pressed brick. 

The walls of the superstructure are of brick, faced with red pressed 
brick outside. In the engine room the walls are hned with hght buff- 
speckled pressed brick, and in the screen room with hard red brick The 
stone trimmings are aU of Bedford hmestone. The ceihngs m both rooms are 
all of plaster on metal lath, fastened to the lower chords of the roof trusses. 
The roof is of 3-in hollow terra cotta tile and slate carried by steel trusses 
and intermediate framing. 

The pumping machinery is installed m duphcate Each unit consists of 
a Columbus, horizontal, four-stroke-cycle gas engine connected by a Morse 
silent-ruiming high-speed cham to a horizontal, single-stage Worthington 
volute pump with 12-in. suction and 10-in. discharge nozzles The engine 
IS capable of developing 90 hp. when operating on natural gas having a 
thermal efficiency of about 1,000 B t.u per cubic foot When running 
together, each unit has a rated capacity of 2,200,000 gal per 24 hours against 
a head of 76 ft, and when running alone 'a maximum capacity of 2,900,000 
gal per 24 hours against a head of 63 ft. For starting the engines, the 
equipment includes a small motor-dnven an compressor and air tank. 

The sewage is pumped through a 20-in. cast-iron force main to a point 
about 8,180 ft from the pumping station, where it is discharged into the 
upper end of the Mound St sewer. The flow is measured by a 20-in. 
Ventun meter, the register, chart recorder, and manometer being placed in 
the pumping station The meter tube is of special construction, and 
between the tube and the register and manometer, oil seals are interposed to 
keep the sewage out of the latter 

Chicago, ni. (Calumet Pumping Station).^—This station, built by the 
Sanitary District of Chicago in 1920-1921, is an example of a large sta¬ 
tion designed to handle storm water as well as sewage, with discharge 
into either of two outlet conduits at different elevations," largo suction 
and discharge basins, mechanically operated rakes for clearing the bar 
screens; two groups of three pumps each, one set of comparatively small 
size (36 m) for dry weather, the other of large size (72 in.) for storm 
flows; a standby source of power from generators driven by Diesel 
engines (m a separate building nearby), two motors of different 
sizes on opposite ends of two of the largest pumps. 

The general arrangement of the inlet and discharge sewer, screen 
chamber, suction chamber, and discharge basins, is shown in Fig 295, 
and the layout of the station itself in Fig. 297. Each of the three smaller 
pumps has a capacity of 60 to 76 cu. ft. per second, depending on 

News-Record, 1020, BS, 872* 1021, 86, 66 
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the lift, and each of the larger pumps, 200 to 275 cu. ft. per second. 
The lower ends of the suction and discharge pipes are submerged in the 
suction and discharge basins, and the highest point of the invert of the 
discharge pipe is above high-water elevation in the discharge basm. 
This arrangement makes it unnecessary to use check valves, which are 
both costly and unsatisfactory in such large sizes Gate valves are 
provided on the smaller pumps for throttlmg purposes. 
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FiQ 296 —General arrangement of conduits and suction and discharge basins, 
Calumet pumping station, Chicago, Ill. 


The racks are built of A- by H-in. bars, set at an angle of 37H deg- to 
the vertical, with 5 m clear space between bars. They were provided 
with traveling rakes, as shown in Kg. 296. The rat© of travel of the 
rakes is about 35 ft. per minute. 

The pump motors are of the synchronous type; those for the 36-iii. 
pumps are rated at 106 hp. and run at 257 r.p m.; each of the 72-m. 
pumps has a motor of 1,100 hp. at 150 r.p.m., and two of these pumps 
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are also provided with 450 hp motors at 106 r p.m., which can be used 
when pumpmg to the low level conduit. Vacuum pumps are provided 
for priming and to maintain the vacuum during operation, as the suction 
hft will generally vary between 12 and 18 ft. 

George M. Wisner was chief engineer of the Sanitary District of Chi¬ 
cago when this station was designed, and was succeeded by Edward J. 
Kelly, under whom it was constructed. 

New Orleans.—The mam sewage pumpmg station at New Orleans 
was built in 1902. At this point most of the sewage of the city is lifted 



Pig. 296.—Automatic cleaner for trash rack at Calumet pumping station. 


and discharged through a 48-in. force main about 7,000 ft. long into the 
Mississippi River The lift varies considerably, with the elevation of 
water in the river, and is also affected by the difference in frictional 
resistance m the force mam at various rates of discharge. The two 
original pumps were dnven by compound steam engines and had capaci¬ 
ties ranging between 37 cu. ft per second at 54-ft. hft and 22 ou. ft. per 
second at 30-ft. Hft, the vanation being obtained by varying the speed. 
The impeUers of the centrifugal pumps were 110 in. in diameter and had 
large passages, but considerable portions of the periphery were blanked 
off, and considerable vibration was experienced in operation. By 1913, 
the capacity of one pump was insufficient to take care of the sewage 
flow at times, and no mcrease in capacity could be obtained by operating 
both pumps when discharging through the long force main. One two- 
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Fig 299. —Sewage racks ueed at Boston, 
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speed electnc-motor-driven pump with impeller of the trash-pump type 
was then buUt for the station and was in substantially contmuous opera¬ 
tion until 1926. This pump at 248 r.p m. discharged from 65 to 85 cu 
ft. per second as the head vaned from 43 to 35 ft., and at 364 r p m., 106 
to 133 cu. ft per second on lifts from 87 to 72 ft. The impeller was 57 
in. in diameter. In 1925 a second 48-in. force main was provided and 
in 1926 two 24-in trash-pumps were installed, driven at 300 r p.m by 
synchronous electric motors. One of these pumps dischargmg through 
one force main against high water in the river will pump 95 cu. ft. per 
second against 70-ft. lift; and both pumps together, 120 cu ft. per 
second against 90 ft One pump operating alone against low water m 
the river will pump 110 cu. ft per second against 64-ft. lift. The runner 
is 63 in in diameter, and can pass solids 21 in. in diameter. 

George G. Earl has been general superintendent and Chief Engineer 
of the Sewerage and Water Board since its establishment. 

Union Park Street Pumping Station, Boston.—This station was built 
in 1914, from plans of C H. Dodd, prepared under the general direction 
of E. S Dorr, then engineer of the sewer division. At the time of its 
construction it was probably the largest existing sewage pumping station 
with automatic control. The superstructure is 60 by 40H ft in plan; 
the basement is much larger Along one side of the building extends the 
motor room, and in order that machinery may be moved into and out of 
it readily there is a large doorway at one end and a return in the curbing, 
so that a motor truck can be backed into the buildmg for some distance, 
the floor being strengthened for the purpose. A transformer room in 
one comer of the buildmg can be entered only through an outside door, 
the keys to which are in the possession of the employees of the local 
electric-light company, the sewer service having no responsibility for the 
care and mamtenance of the transformers Adjoining the transformer 
room is a small room, also entered only through an outside door, afford¬ 
ing access to a manhole leading to the screen chamber. The remainder 
of the ground floor is occupied by an office with a large store closet and 
by a shop. 

The station contains three 150-hp. squirrel-cage motors, each driving 
a 36-in centrifugal pump, the capacity being 30,000 gal. per minute 
against a lift of 13M ft. at a speed of 194 r p.m.; and a 76-hp. squirrel- 
cage motor driving a 24-in. pump with capacity of 16,000 gal per minute 
against a lift of 13M ft., at a speed of 233 r.p.m. (Figs. 298 and 300). 
The sewage enters the station through a screen chamber, provided with 
a rack constructed according to the details shown in Fig. 299. The 
rack is in 12 panels, each 16 in. wide, and 8 ft. % in. long. The gen¬ 
eral arrangement of this screen chamber is shown in Fig. 301. 

The pumps are controlled by a float in a well, one well sufficing for 
all pumps, the switch mechanism throwing into service one pump after 
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the other as the level of the sewage in the suction chamber rises. The 
electric devices for this purpose were furnished by the Cutler Hammer 
Company. , There is another float well in this station which operates 
an automatic recording gage of a type in use in several places on the 
Boston sewerage system. It has a pen moved vertically by the float 
rod over the surface of a chart which is revolved horizontally by 
clockwork. 

The small pump has its suction nm into a sump 3 ft. lower than the 
remainder of the suction chamberj so that this pump can be used to 
drain the station down to the level of the pump-room floor. Below 
that grade the dramage is removed by hydraulic eductors with suctions 
in small cast-iron sumps m the concrete floor. 

The positions of the 2H-m. bronze nipples and gate valves for blowing 
off each pump casing and the bottom of each hydraulic gate valve are 
indicated in Fig 300. The hydraulic gate valves are connected by 1-in. 
pipe with the street mains. The end of the discharge pipe has a large 
backwater gate. 

Albany, New York.—^The Westerlo sewage pumping station^ built in 
1915-1916 from plana of Hering and Gregory, is circular in plan, and 
has an annular suction well surrounding the dry well in which the pumps 
are located. It also has two sets of pumps, one set being dnven by 
constant-speed motors, the other by variable-speed motors, thus pro- 
vidmg for a range of dischargmg capacity from 10 to 66 million gallons 
daily. Figure 302 shows plana and vertical section of this station. 

Sewage flows to the pumping station through an intercepting sewer 
4 ft. 6 in. diameter, and before reaching the station, it passes through a 
gnt chamber in which there are racks of by 3-in. bars set 2}-i in. 
apart on centers, and at an mclination of 1 vertical on 2 horizontal. 

The cu’cular form for the station was adopted largely for reasons of 
economy, since the bottom of the station is more than 25 ft. below 
normal groundwater elevation. The annular suction well also has some 
advantages, since the flow can be easily deflected so as to pass around 
the pumps in either direction, and by occasionally changing the direc¬ 
tion of flow, the deposition of sludge is minimized. The suction well is 
10 ft. wide and 10 ft. deep, and the diameter of its center line is 62 ft. 

The circular pump well is within the annular suction well and is 38 
ft. in diameter. The floor is about 44 ft. below that of the motor room, 
which IS slightly above ground level. There are three intermediate 
floors or balconies, at each of which are steady bearings for the vertical 
pump shafts. 

The pumping equipment consists of six centrifugal pumps, each 
connected by a shaft to a vertical electric motor on the main operating 
floor Three of the pumps have each a rated capacity varying from 6 

^Eng News, 1910, 78, 1224 
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to 15 million gallons daily against a head of 39 ft.; and are driven by 
160-hp., variable-speed, alternating-current motors of the commutating 
brush-shiftmg type, with pilot motors for shifting the brushes. At 
10 million gallons daily rate, the speed of these pumps is 385 r p.m. 
The other three pumps have capacities of 10 rmllion gallons daily each 
against a head of 39 ft., and are driven by 100-hp, constant-speed, 
alternating-current motors. These pumps are run at a 'speed of 385 
r.p.m. 

The pumps are set 3 ft. below the maximum water level in the suction 
^ell, and priming is, therefore, unnecessary. 

Each pump has a 30-m. suction and 24-m. discharge nozzle. The 
discharge pipes are connected in pairs, one of the constant-speed and 
one of the variable-speed pumps discharging into a 36-in. discharge 
pipe, while the three 36-m. pipes lead to a 5-ft force main. 

The controller is so designed as to automatically start, speed up, slow 
down, and stop, the various pumps in any desired order, with not more 
than five pumps operating at once. Manual operation is also possible 
if desired, or in case of failure of the automatic apparatus. 

Washington.—The sewage pumping station at Washington, D. C., 
designed by Asa E. Phillips, has been much praised by engineers, 
European as well as American. The general arrangement of it and of 
the conduits leading to and by it, which form one of its most interesting 
features, is shown in Pig. 303 ^ At this station the entire sewage of the 
city is pumped through a pair of OO-in. pipes about 18,000 ft. long to a 
point in the Potomac River about 800 ft. from shore. The large conduits 
on either side of the station discharge into the Anacostia River, on the 
bank of which the station stands, the storm water from a considerable 
part of the low-lymg portion of the city. A part of this storm water is 
discharged by gravity, while another part must be pumped at certain 
stages of the river. 

The Tiber Creek and Jersey Ave. high-level intercepting sewer passes 
along the east side of the pumping station. Before it reaches the station 
its lower portion has a section 14 ft. wide and 14 ft. 3 in. high, with a 
cunette, or dry-weather channel, diverted near the station into a 5-ft. 
circular conduit, into which the east-side intercepter 6J4 ft. in diapaeter, 
also discharges. Beyond the point where the dry-weather channel is 
led to one side, the Tiber Creek sewer continues as a twin section each 
channel being 12 ft. wide by 101^ ft. high, the invert level with the berm 
of the cunette section. On the west side of the pumping station the B 
Street and Jersey Avenue trunk sewer extends. This also has an 18-ft. 
cunette section 16 ft. high, before it reaches the pumping plant. Where 
the dry-weather channel, or cunette, is diverted to one side, the Tnn-in 
sewer becomes a twin section, each side being 12 ft. wide and lOJ^ ft. 

1 Eng. EKord, 1008; SB, 237. 
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high. AH these sewers are built of concrete with a lining of vitrified 
bnck on the portion of the invert subject to greatest wear and red brick 
on the other parts of the invert over which sewage is likely to pass at 
some time. 

The diversion conduit for the dry-weather sewage from the B Street 
sewer is 6 by 6 ft m size and joins the 5-ft circular conduit from the 
Tiber Creek sewer at a gate chamber containing two 84-in. sluice gates. 
One of these admits the sewage, during the normal operating conditions, 
into a sediment chamber 60 by 104 ft. in plan, having a groined arch 
roof carried by columns 3 ft. square and 16 ft apart in the clear. This 
chamber extends partly under the pumping station and is large enough 
to reduce the rate of flow of the sewage to considerably less than 1 ft. 
per second. The sediment which is collected in the chamber is removed 
in %-cu. yd. buckets These are brought into the chamber on 
cars run into it on an mdustrial track laid on the floor, and are filled 
by hand The cars are run under a hatch in the roof and the buckets 
are lifted from them to a trolley on an overhead track at a. much higher 
elevation, by which they are transferred to the river, where their con¬ 
tents are dumped into a barge The overhead track runs for part of 
its length through an 8- by 8-ft passage or tunnel, which is also used 
as a part of a system of ventilation worked out so completely that no 
offensive odors have been detected about or in the station. 

The sewage is drawn from this chamber into an 8-ft. conduit having a 
check gate and a twin screemng chamber This screen chamber is 
30}i ft. long, 20M ft. wide, and divided into two equal portions, each 
with two screens of ^-in. rods on centers, operated by hydraulic 

cyhnders and coimterweights. The trash from the screens is removed 
through a branch connection with the conveying and ventilating tunnel 
just mentioned The sewage passes through this screening chamber into 
a suction chamber, from which three centrifugal pumps draw their 
supply. These lift the sewage into a 16- by 22- by 40-ft. siphon chamber 
at the head of an inverted siphon under the Anacostia River, which 
forms the fijst part of the outfall sewer. The gate valves on the head 
of the two pipes fomnng the siphon have their seats on the downstream 
side cut away so as to leave no bottom slot in the valve bodies in which 
sediment can be collected In case the sediment chamber is out of 
service for cleaning, a bypass delivers the sewage from the gate chamber 
directly to the pumps. The latter are known as Class I pumps, to 
distinguish them from two of smaller capacity installed for a special 
purpose. The sewage from a small low-lying district served by a 
separate system, independent of the trunk and interceptmg sewers, 
is delivered through a sewer which has no connection with the 

settling basin, but runs directly tO these smaller pumps known as Class 
II, an arrangement necessary to obtain proper hydraulic gradients. 
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The pumps discharge the sewage into the siphon chamber or through an 
emergency bypass mto the river. There is a screen chamber in the 
suction conduit of these pumps, and a by-pass is provided so that either 
Class I or Class II pumps can temporarily be used for the service of 
the other. 

The storm water delivered through the Tiber Creek sewer passes 
directly into Anacostia Creek through the tide gates on the bulkhead, 
as mdicated in Fig 303. The storm water brought down by the B 
Street and New Jersey Avenue sewer must pass first, however, into a 
storm-water chamber, 160 ft long, 36K It. wide and 16 ft. high, having 
a roof of concrete arches carried by I-beams. Along one side of this 
chamber are openings fitted with screens of 13^-in. wrought-iron pipe on 
4M-m centers placed on an inclination of 1 to 6. An elevated plat¬ 
form between the walls of this chamber and the pumping station has 
been constructed for use m cleaning the screens. When the elevation 
of the water in the river permits, the storm water passes directly through 
this chamber into the nver. When the latter is high, however, tide 
gates prevent a backflow mto the conduit and the storm water that 
comes down is pumped from the chamber into a 16-ft. discharge conduit 
at a considerably higher level, eight pumps being provided for this 
special purpose It will be observed that it is also possible to utilize 
the Class I pumps for han dlin g some of this storm water, in case of 
emergency. 

The pumping station has at the land end a three-story 76- by 120-ft. 
section used for office and shop purposes; in the middle there is a 
90- by 170-ft. engine room, and on the river front a 60- by 120-ft boiler 
house with elevated coal bunkers. The Class I pumps are three in 
number, each driven by triple-expansion engines and rated at 100 cu 
ft. per second at a head of 27 ft. One of them is a reserve There are 
two Class II pumps, one a triple of a capacity of 32 ou. ft per second 
raised to a height of 29 ft., and the other a compound of equal capacity. 
The storm-water pumps discharge under a variable hft; each is capable 
of raising 100 cu ft per second to a maximum height of 16 ft., but they 
are particularly effective at their usual lift of 3 to 8 ft. Owmg to the 
fact that they are in operation only a portion of the time, they are 
driven by compound engines. AH engines but one are of the horizontal 
type, without fly-wheel, direct-connected to a vertical pump shaft, 
first developed by the Alhs-Chalmers Company for one of the Boston 
sewage pumpmg stations. The Washington pump setting differs from 
that of earlier stations in the omission of separate chambers for each 
pump, for in Washington the entire basement of the engine room serves 
as a large dry well. The only vertical engine is the compound driving 
one of the Class II pumps, a umt which had been used during the con- 
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Btruotion of the station, and was in good enough condition to be installed 
as a reserve in the permanent plant 

The engines are supphed with steam by six water-tube boilers, each 
of 276 hp., with automatic stokers, fuel economizer, complete mechan¬ 
ical coal-handling machinery, and the other accessories and auxiliaries 
of a high-grade power plant. 

Austin, Texas.—The sewage treatment plant includes a pumpmg 
station built in 1918 from plans of John H. Gregory. Sewage flows 
through a 30-in. sewer to a suction well 8 by 22 ft. in plan (interior 
dimensions) A variation in water level of 4 ft. is provided for, high 
water bemg 2 in. below the center of the 30-m. sewer The pumps are 
two 10-m horizontal centrifugal pumps, directly connected to electric 
motors; space is left for a third pump. The center of the pumps is 2 
ft 4 in. below high water in the pump weU, so that pnming is unneces^ 
sary The maximum hft is about 30 ft. The force mam is 24 in ; 
after passing through the wall of the buildmg it makes a turn of 180 deg. 
and returns through the station at a higher level, thus allowing the 
Ventun meter to be placed within the station without increasing the 
size of the structures. 

The pumping station proper (excluding the suction well) is 19 by 28 
ft. in intenor dimensions. The ground floor contains an office and 
laboratory, and the chlenne apparatus; the pump floor is 21 ft. lower 
and contains the pumps, motors, and valves. Th6 Venturi meter and 
the switchboard are m a gallery at an intermediate elevation. 

Marblehead, Mass.—The pumping station built in 1927 at Marble¬ 
head, from plans of Frank A. Barbour, may be taken as typical of good 
current practice. The town is situated on the coast and had a popula¬ 
tion of 8,214 m 1926. Sewage flows by gravity to a pump well forming 
part of the pumpmg station, and is pumped through a 10-m force main 
to an ocean outfall. The pump well is 10 by 14 ft. in plan, and has a 
storage capacity of 3,000 gal. between the elevation of the invert of the 
16-m sewer and the low-water elevation, at which the pumps are stopped. 
If water should rise appreciably higher than the sewer invert, an over¬ 
flow from a manhole outside the station would come into action if the 
stage of the tide permitted; at very high tides the water might rise 8 ft. 
higher before the overflow could come into action, corresponding to a 
further storage of 8,000 gal. There is a bar rack of the type shown in 
Fig. 290, in front of the inlet sewer, composed of %-m. square bars 
spaced 1^ in. on centers. Sewage falls through the rack into the 
trough across the end of the pump well. This trough is ordinarily 
drained by two 2-m. bleeders, but if these should become clogged, 
sewage will overflow the hp of the trough. The two 3-in. vertical 
centrifugal pumps are located in a dry well, also 10 by 14 ft. in plan. 
Each has a gate valve on the suction, and a gate and a check valve on 
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the discharge. The superstmcture is built over the dry well, with its 
floor 16.26 ft. above that of the latter, and contains the electric motors 
and switchboard. There is a 12-in float pipe for each pump, so that 
each pump may be separately controlled automatically. Provi.sion is 
made for ventilation through a screened air inlet near the floor, and 
louvres in the gable ends just below the roof. 



PiQ. 306 —Pumping station at Newton, Maas., as 6riginally built. 

Newton, Mass. CFigs 304 and 305) —A pumping station built for tem¬ 
porary service at Newton, Maas , from the plans of the late Irving T 
Famham, city engineer, illustrates a type of plant where the water end 
must be at a low elevation and mternal combustion motors are desired 
for operation It was constructed m 1903 as an alternative to a very 
expensive sewer for the small number of people to be served until the 
district was developed considerably beyond its population at that time. 



PUMPS AND PUMPING STATIONS 


719 


but was still in use in 1928. The sewage is delivered to a circular tank 
18 ft. m diameter and about 7 ft. deep inside, holding about 13,000 gal. 
The walls are 12 in thick, on 18-in. footings, and the bottom is 6 in. 
thick with a downward slope to a central sump about 1 ft. deep. The 
tank is divided by a 10-m. wall through the center into two halves, and 
an 8- by 8-in. sluice gate at the bottom of the wall enables either side to 
be shut off for repairs or cleamng. The tank has a 5-in. roof about 10 
ft. below the surface of the ground. Tliis is constructed of reinforced 
concrete and carried by I-beams 

The pump house is 9 by 17 ft. in plan, 9 ft. S in. deep underground, 
and 7 ft. 1 in. high above ground. The basement waUs are 8 in. thick, 
of reinforced concrete, and are strengthened by a number of buttresses; 
an extension of this basement, 8 ft long and 3 ft. wide, serves as a valve 
chamber and has independent ventilation The superstructure bn.^ 
walls 6 in thick with a roof 7 in thick at the ndge and 6 in. at the sides. 

The original pumping plant consisted of two 2H-in. vertical centrif¬ 
ugal pumps operated by two 6-hp. gasoline engines. The connections 
were such that either engine could be used to drive either pump, or both 
engines used to operate either or both pumps. The pumps were started 
by an attendant in a water-works pumpmg plant 300 ft. distant but were 
stopped automatically by means of a float-operated device, which out 
off the electric igmtion. The plant had a total capacity, on test, of 400 
gal. per minute. The total lift was 30.7 ft. 

The present pumping plant (1928) includes one of the original 
centrifugal pumps driven by a 6-hp. gasoline engine, and having a capac¬ 
ity of 200 gal per minute agamst a head of 30.7 ft.; one 4:-in centrifugal 
pump driven by 10-hp. electric motor, having a capacity of 300 gal. per 
minute against a head of 50 ft, installed in 1917; and one SJ-a-in centrif¬ 
ugal pump driven by 20-hp electric motor, having a capacity of 460 gal. 
per minute against a head of 65 ft., installed in 1924. The quantity of 
sewage pumped in 1926 was 22,400,000 gal., and the direct cost of power 
(i.e., cost of gasoline and of electric current) amounted to $830. 

The construction cost of the original plant in 1903 was $6,700; of the 
pump and motor added in 1917, $2,040; and of that installed in 1924, 
$2,913; making a total cost of $11,653, without deduction for the gaso¬ 
line engine and pump removed, and without adjustment for changing 
scale of prices. 

Ejector Pumping Stations at Larclunont, N. Y.—Tour pneumatic 
ejector stations were built at Larchmont in 1925 from plans of Nicholas 
S. Hfll, Jr. The two largest are equipped to lift 212 and 170 gal per 
minute against heads of 34 and 22 ft., respectively. Each of them is 
built below ground, in a park or residential district. The floor of the 
ejector room is 4 or 6 ft. below the elevation of the influent sewer. The 
ejector room contains two Jennings ejectors of suitable capacity, and 
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the compressor room above it contains two Nash “Hytor” air compres¬ 
sors, with motors and switchboard. A sump pump is also provided, and 
in the case of the station which is entirely below ground, a small blower 
for ventilation. These stations are from 9 by 12 ft. to 12 by 16 ft. in 
plan, and from 17 to 22 ft. in total height. 
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r ainfn.11 OUTVO, 321, 322, 324 
runoff allowonooB, 320-320 
ooelBoionts, 321 
ourves, 322 

aiae in Unitod States oomporod with 
English, 23 

storms for whioh provision should bo 
mado, 333 

timo of oonoentration, 323 
use of maps and profiles, 326 
Draper, rain gago, 257-268 
Drawdown, 103 
oomputation, 106 

Dresden, aide-weir disohorge studies, 631, 
633 

Dresser, H G, formulas for analysis of 
aomioUlptioal seotiona, 412, 517-619 
Drop manholes (aoe Manhalea, drop) 
‘‘Dry-oarrlogo" method, 12 


"Dry wells,'’ 6 

Dubuat, flow investigations, 77 
rosistonoo to flow experiments, 74 
transporting power, 115, 118 
DQker, 587 

Duluth, poraboho aeotion, 306 
Dyes, flow meosuroment by, 171 
Daroy flow experiments, 77 

£ 

Earl, Q Q , flushing sewers, 618 
mimmum gradoa, 124 
New Orleans storm drains, 331-332 
rainfall data, 277 
East Aurora inflltration, 210 
East Boston pumping station, gaging of 
sewer, 83 

East Orange, extent of sewers, 200 
inflltration, 200, 210 
East River, disoharge of sewage into, 34 
population draimng into, 187 
Eastern Clay Produots Association, dimen¬ 
sions and weights of sewer pipo, 367 
Eddies, relation to criboal velocity, 72 
Eddy, H P, oatohbasins undesirable at 
Louiavillo, 546 
Cmoinnatl annexabons, 184 
rainfall ourve, 269 
flood flow in streams, 313 
losses duo to ourvaturo. 111, 112 
Louisville aewera, 414 
study of weight of sewage, 66 
velooibes m Woroostor sewers, 122, 123 
Woroester inverted egg-shaped inter- 
oepter, 426-426 

Egg-shapod aeotion (soe Sewera, maaonry) 
Ejeotora (aoe Pumpa, elaetrio eeriinfugal, 
Pumpa, pneumaltc) 

Elastic theory of stress analysis, 63, 482,491 
Eleotrio oars, axle space, 470 
loads, 470, 473 
Eleotrolysia in oonorete, 462 
Elisabeth, aoouring velocity, 126 
Ellers, C H , Chioago sewer grades, 19 
Elliptiool aootion (see 8euers, maaonry) 
Embankments, preasuros in, 478 
Emerson hook gogo, 345 
Engels, H , side-weir disohorge tests, Dres¬ 
den, 631-633 
use of formula, 61 

Eager, M L., studies of loads on sowers, 477 
England, ohomlool precipitation, 28 
oontaot beds, 28 ^ 

early progress m sewerage, 9 
septio tanks, 28 
tnokling filters, 28 
Englewood, minimum grades, 125 
Equation of continuity, 74 
Ene, flood flow. Mill Creek, 318 
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Erosion of sewer inverts, 144 
vdooity causing, 118, 144 
Essex Company's canal, velocities, 116 
Estep, J M , regulator failure at Cleveland, 
630 

leaping weir, 647 
European sanitation, 12 
Evaporation, loss of runoff by, 278, 283 

F 

Fairbanks-Morse, centrifugal pump, 670 
nonclogging closed impeller, 680 
underground pumping station, 694 
Fall, defined, 70 

Fall River, water consumption, 190, 200 
Falling bodies, laws of, 69 
Fardwell, H. F, St. Louis eemiciroular 
section, 436-437 

Farnham, I T, Newton sewage pumping 
station, 717-710 

Fenkell (see WiUuiTna, Bubbdl and Fenkdl) 
Fergusson, S F, ram gages, 262, 256-267 
Finsbury sewers. Roe's observations of, 0 
recommendations on junctions, 681 
Fisher, E A , Rochester regulators, 620 
inset, 630 

Fitchburg, basis for intercepter design, 234 
mdustnal wastes, 226 
mverted siphon, 600 
pressure sewer, 50 

Fitsmaunoe, Maunoe, funoR allowance for 
London, 7 

Five-centered section (see Sewers, masonry, 
aemtelliptical) 

Fleet Street sewer, 6 

Flight sewers (see Sewers, flight) 

Fhnn, Weston and Bogert, cracks in aque¬ 
ducts, 630 
Float gage, 340 
Floats, 171 

Flood flow formulas (see Btmoff formulas) 
Floodmg from surcharged sewers, 20-23 
Floods (see also Precijyitatxon, excessive) 
CsJifomia, 310 

formulas (see Runoff formulas) 
frequency, 313-310 
Horton reourrence formula, 317 
intervals between on American rivers, 317 
m a xim um from small drainage areas, 316 
Miami River flood, 306 
New England streams, 319 
of streams, 305, 313-310 
reourrenoes on American rivers, 317 
Scioto River flood, 301 
Strawberry Creek, Berkeley, 306 
Flow (see also Oaginga, Streams) 

Aeushnet Interoepter design, 142 
Barnes and Coker experiments, 73 
conditions assumed m design, 141 


Flow, critioal velocity, 72 

current meter measurements, 170 
Dubuat's expenmonts, 74 
equation of continuity, 74 
float measurements, 171 
formulas for, 74-113 
friction and flow In conduits, 74 
hydrauho grade hno, 71 
in pipes and oonduits, 70 
measurement, 146, 171-172 
minimum, 141 
nonumform, 100, 101 
of streams, 306 
of water, 60 
resistances, 71-74 
Reynold's expenmonts, 72 
steady and uniform flow, 71 
transporting power, 116-120 
Flumes, metal, values of m, 08 
values of n, 81 
plank, values of m, 08 
values of n, 81 
Flush tanks, automatic, 610 
capacity, 618, 610 
for dead ends, 144 
for siphons, 588 
Los Angeles typo, 613, 615 
MiUer-Fottor typo, 611-012 
Miller typo, 610-613 
regulator, 613 

Von Vronken, 613, 616, 618 
Winnipeg typo, 613-014 
Flushing (see Inverted siphons, Sewers, 
cleaning, Street cleaning) 

Folsom, C. F., 2 
Boston sewerage, 14, 16 
studios in Europo, 20 
Folwell, monholo design, 658 
Foroe diagram, 400 

moms, cast-iron, at Boltimoro, 377 
defined, 60 

gaging in Baltimore, 87 
matcnals of, 370 
Forma, provision for, 448 
Formulas (see Hydraulic, Runoff; Sower 
seeltons, stresses, etc,). 

Fort, E J , circular section, 420, 421 
rectangular section, 430-440 
rule for combined sewers in Brooklyn, 40 
aonuolroulor seotlon, 434, 436 
triple rectangular oondult at Brooklyn, 
445 

twin rectangular conduit at Brooklyn, 
444, 446 

Fort GoIUns, Venturi flume tests, 147, 167- 
168 

Fort Wayne, area increase, 184 
mteroepter design, 234 
"Fosse flltre," 13 
“Posse mobile," 12 
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Foimdationa, provision for auataining 
weight, 474 

Foxboro pneumatio pressure gage, 344 
Framingham, infiltration, 209, 211 
sewage flow, 213 
Franco (see also Paris) 
ounotto, use of, 307 
Franma, J B , flow In flumes, 171 
weir formulas, 152, 164-156 
Frankfort sanitation, 2 
Freeman, J. R., anolysia of transported 
sand, 117 

velocity studies, 115, 116, 118 
Freight ears, axle space, 460 
load, 473 

French, A W , oroh analysis, 602 
sewer section analysis, 63 
Fresno, minimum grades, 126 
Fnotional resistance (see Backfill, Hydrau- 
Itcs) 

Fries, J P dc Son, An water stage recorder, 
340 

Fnes rain gage, 262-255 
Marvm rain gage, 268 
Fron^inus, notes on sewerage, 2 
Frllhling, details of sewerage systems, 60 
"Die Entwilsserung der St&dte," 37, 
60-69 

lampholes, 670 
load study, 461 
Potsdam siphons, 002 
Frye, oroh-thioknoss formula, 405 
Fteley and Steams, woir formula, 162, 164- 
165 

Fuertos, J, H , flushing ohombor, 607-608 
sowers at Hoboken, 60 
Harrisburg silt basin and overflow, 660- 
651 

Hoboken rcotangulor section, 430-440 
operating tide gates, 667 
parabolio section, 306, 437, 430 
reotangular sewer sootion, 430-440 
report on Hoboken soworago, 40 
runoff in Arkansas oity, 282 
water consumption, 100 
Fuller, G, W., minimum grades, 125 
runoff formula, inset, 300, 308-310 
Fuller, W D., parabolio sootion, 306 
Fuller, W. E , flood flows, 313 
Fungus growths, flushing out, 610 

Q 

Gages (see Afeasurmg demoes; Bain gages) 
Gaging manhole, 668 

Gaginga of sewers, many sower gaglngs 
. imrehabie, 361 
allowance for retardation, 288 
Andover, 213 
Austin, 217-210 


Gaging of sewers, Baltimore, 87 
Birmingham, England, 214 
Boston, 76, 82-83 
Brockton, 213 
Brooklyn, 87 
Cambridge, 85 
Carlisle, 84 
Chicago, 216 
Cincinnati, 222-233 
Chnton, 213 
Columbus, 214 
Conoord, 213 

ourrent meter measurements, 170 

defects of, 364 

Denver, 86, 104 

Framingham, 213 

gaging ohamber, 340 

Gardner, 213 

Gloversville, 214 

Hopedale, 213 

important, 364 

Leicester, 213 

location of gages, 348 

manhole for, 340, 568 

Marlborough, 213 

Milwaukee, 211, 216 

Natick, 213 

New York, 18, 339 

Philadelphia sewers, 84, 221—222 

Phoemx, 86, 217 

Pittsfleld, 213 

Seattle, 86 

Southbridgo, 213 

Spenoer, 213 

Stookbridge, 213 

storm flow in sewers, 339 

Templeton^ 213 

Toledo, 211, 213 

Toronto, 214 

unsatisfactory for runoff factor deter¬ 
mination, 361 
Westborough, 213 
Worcester, 214 

Galveston, phenomenal rainfall, 276 
GanguUlet, E., and Kutter, W R (sec KiUter 
W R ) 

Gardner, infiltration, 200 
sewage flow, 213 
Gas moine. In Parle sewers, 10 
6 ft from sewors, 44 
Gases (sec Ventilahon). 

Gate manhole, 669 
Genesee River, flood roourrenoe, 317 
Germany, ounotto, use of, 397 
minimum grades used, 61 
populations of cities, 177, 182 
runoff, 291 

sewage, volume of, 201 
Gibraltar, Horrooks' studios on sewer oir, 
669 
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Gifford (see Metcalf-, and SuUtvan) 
QUIespie, R H , Bronx standard section, 407 
GloversyiUe, dilution euit, 32 
sewage flow, 214 

Goldbeok, A T , studies of loads on sewers, 
477 

Goldsboro, infiltration, 210 
Goodnough, X H , water consumption, 104 
Gordon, J B , storm-drain design at Wash¬ 
ington, 333 

Gothio section (see Sewers, masonry). 
Grades, Adams' recommendations for sewers 
half full, 10 

Alvoid and Burdick allowances, 124 

avoid steep grades, 30, 52 

branch sewers, 45 

CaLforma oities, 126 

changes between manholes, 42 

controlling, 50 

Corpus Chnsti, 127 

determimng for combined system, 53 

disadvantages of steep, 52 

Earl allowanees, 124 

effeot on runoff, 359-360 

Englewood allowances, 125 

flat advocated, 17 

Fuller allowances, 126 

German, 51 

Grunsky, 126 

Hatton, 126 

Haslehurst allowances, 123 
house conneotions, 41, 51 
hydrauho grade line, 71 

not always parallel with invert, 62 
influence of topography, 51 
invert, 50, 61 
HmgsviUe, 127 
laterals, 43, 46 
maximum, 51 

Metcalf and Eddy allowancee, 127 

mimmum, 10, 51, 123 

minimum velocity and, 115 

New Jersey State Board of Health, 123 

New Orleans, 124 

outfalls, 22 

Potter allowances, 126-127 
providmg flushing velocities, 232 
self-cleansing, 17, 542 
slope formula, 50 

elopes to produce velocities at various 
depths, 127 

street, influence on water entering inlets, 
538 

Bubmam sewers, 45 
surface, 60, 350 

true grade hydrauho gradient, 43 
Umted States, 61 
’V^cennes, 125 
WayoroBB, 124 
Wrong grades, 16, 22 


Qroham, C H, Bronx twin eomioiroulaT 
outfall, 441, 444—445 
Gravity, aooelcration due to, 67, 08 
effeot on velocity, 110 
values of g, 68 

Gray, S M , Baltimore report, 15, 644 
oatchbaeins unnoocssnry in Baltimore, 544 
Lancaster circular sootioii, 420—121 
horseshoe seetion, 431—432 
semioirculor section, 441—442 
Grecian sewers, 1 

Greene, C E , method of aroh analysis, 482 
trusses and arches, 437 
Greene, Q S , l^ovidoiioo sewerngQ, 14 
Gregory, C E, infiltration unit, 208 
inlet time, 281 
runoff formula, 201, 300-301 
Gregory, J H, Austin sowogn pumping 
station, 716 

Columbus sewage pumping station, 702 
inset, 706 

logorlthmie diagrams, 01 
seimolhptioal sootion, 134, 408—410 
sewage pumping plant, 702, 716 
Gnt ohambers, 542 
Fitchburg, 60 
uso near inlets, 542 
Groundwater, (seealsoIn^iraiion). 
Cinomnati allowonoo, 227-233 
defined, 200 
entenng sewers, 200 
leakage, 207-212 
variation, 220 

Grunsky, C E , inlet time, 281 
minimum grades, 120 
retardation etudlos, 288 
Son Franoieoo soweruge, 20 
Ovialh vs St Louis case, 21 
Gurley, W and L E , hook gago, 345-340 
water stago register, 342 
Gutters (see Inlets). 

H 

Hagen, flow experiments, 73-74 
Home River, flow oxporimonte, 77 
Hale, R A , velocity studies, 110 
Haley, F W , infiltration, 211 
Hamburg sewerage, 2-3 
Hamtramok, density of population, 187 
Hansen, F , population densities, 100 
soning, 100 

Harlem River, population draining to, 186 
Homs, E Q , nomographic chart, 07 
Homsburg, flushing chamber, 607 
inverted eiphon, 505, 507 
parabolic section, 305, 437, 439 
Paxton Creek mtoroopter, 437, 430 
silt ohomber, 050, 651 
Susquehanna River, 430, 440 
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Harrieburg, water oonsumption, 190 
Harriaon, E, W., Jersey City sewer aeotion, 
428-420 

Hamaon, minimum grades, 126 
Hart VB MUlsmlle, 21 

Hartford, aqueduct horseshoe seotlon, 420- 
430 

overflow ohambers, 636 
runoS ooeffioionta, 356 
twin ovorflowe, 638 * 

water oonsumption, 105, 100-200 
Hatton, T C , Milwaukee ootivated sludge 
plant, 30 

mimmum grades, 126 
value of 71 in Carllslo sewers, 84 
Wilmington oiroulor section, 420-421 
sonuoiroulor section, 434-436 
Hawksley, runoff formula, 300-301 
Haywood, W , London sowers, 8 
Hazlohurst, J N ■ tamping loads, 477 
mimmum grades, 123 
Hoson, Alien, flow ozperlmonts, 73 
rosistanoo to flow formula, 73, 08 
Hozon and Williams, discharge diagrams, 
insot, 101 
formula, 08-100 

relation of faotors in formula, 100 
Head, defined, 70 
"entry," 71, 110 
formula for, 70 
frictional rosistonoe, 71 
Hebor, 587 
Hederatedt, H B , 10 
Hendnck, C W, Baltimore outfall sewer, 
horsoshoo section, 420-430 
Henry, A J , rainfall data, 284 
Heppner, flood flow. Willow Creek, SIS 
aooount of, 15 

Henng, Rudolph, advocated Imhoff tank, 20 
Baltimore report, 16, 544 
catohbosins undesirable in Baltimore, 544 
Chloago dilution studios, 31 
oonnootlon of latornla with subnuuns, 46 
desirability of laterals, 46 
"dry carriage" method, 12 
European study, 12, 25 
flow of water, 74 
influonco of topography, 30 
junotlons, 47 
Philadelphia sowornge, 15 
Provldonco aeworage, 14 
report on faotars governing sewerage plan, 
34 

on European aeworage, 12 
runoff formula, 300-301 
study m New York, 201 
translated Qongulllet and Rutter, 70, SO, 
118, 119 

Herlng and Gregory, Westerlo sewage 
pumping station, Albany, 711 
inset, 713 


Hermann, E. A., erosion of inverts, 145 
Herschel, Clemons, editor of Frontinua, 2 
flow over submerged weirs, 55, 156 
Venturi meter, 150, 160 
Herviou’a "Troitfi," 11 
Hill, O D , Chicago storm drams, 331 
dropdown ourve, 101 

Hill, N B , Larohmont ejector pumping 
station, 719 

population study for Manhattan, 201—202 
Hinds, Juhan, hydrauhe jump, 101 
hydraulics of transition struoturos, 587 
Ventun flume, 160 

Hoad, W C , runoff ooeffiment, 291, 292 
Hoboken, flushing sewers, 50 
Fuertes* report on aewerago, 46 
rootongulor section, 439-440 
tide gates, 067 

Hobreoht, Berlin radial system, 37 
Hoffman, R , Cleveland storm drams, 331 
Holbom, 5 

Roe's obeervatione, 9 
reoommendationa re junotions, 581 
HoLmes, Q D , baSed weir at Syracuse, 
641 

flushing sewer from oroek, 605 
horaeshoe aeotion, 431-432 
leaping weir testa, 648 
regulator breakdown, 624 
semlelhptioal aoction, 434-435 
U-shaped section, 441-442 
Holyoke, water oonsumption fluotuatione, 
197-198, 200 

Homestead, density of population, 187 
Hook gage (see Jkfeaeuring devices) 

Hool and Johnson, maximum stress com¬ 
putation, 610 

method for estimating unsymmotrioal 
reinforoemont, 527 
Hool and Einno, arch analysis, 491 
maximum atrosa computation, 519 
method of estimating unsymmetrical 
reinforoemont, 527 
Hopodalo, manhole, 559, 660 
sewage flow, 213 

Horner, W. W., flve-oonterod eeotion, 412- 
413 

inlet teats, 530 
time, 281, 354 

objeots to drop manholos, 566 
rootangular aeotion, 306 
runoff ooeffiolcnts, 291-203 
Bt Louis rainfall ourvo, 207-268 
BomloUiptioal aeotion, 412—413, 437—438 
storm-drain design, 333 
use of Greene’s nroh analysis method, 482 
Horrooks, W H , atudics of sewer air, 669 
Horseshoe aeotion (aeo Sewers, masonry) 
Horton, R. E., formula for flood roourrenoet 
317 
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Horton, R E , measurement of rainfall and 
enow, 262 
enow runoff, 312 
Taborton rainfall, 274 
values of n, 80, 81 

Horton, T (see also Swan and Horton) 
gagings of North. Metropolitan sewers, 
82-83 

value of Kutter'e n, 82 
Houk, Ivan E , phenomenal rainfall, 274 
runoff studies, 366 
House oonneotions, 40 
alignment, 41 
ancient Roman, 2 
bends, 41 
breaks, 41 
capacity, 41 
circular, 51 
cleanout hole, 42 
egg-shaped, 61 
entrance to sewer, 42 
fall, 41 

grades, 41, 61 
improperly mode, 237, 667 
inlets, 42 

inspection holes, 41 
location and construction, 41 
London, 4 

omitted m early sewerage systems, 2 

ownership, 41 

Philadelphia, 46 

sue, 41 

slopes, 61 

Washington laterals, 44 
House sewers (see House connechons) 
trap, omission, 636 
Howe, M A , arch analysie, 401 
testa on internal pressure, 383-386 
Hoyt, J C and N C Grover, gagmgs, 171 
Hoxie, R L , concrete cradle, 388 
concrete sewer, 16 

Hubbell (see WUhama, Hvbbell and FenkeU) 
Hudson, C W, determination of line of 
resistance, 601 

Hudson River, flood recurrence, 317-318 
population draining to, 186 
Hughes and Safford, acceleration due to 
gravity, 67 

areas of circular sewers, 01 
apphcation of Eutter formula, 80 
Che^ formula, 78 

conversion factors for units of jiressuro, 
68 

ontioal velocity, 72 

hydrauho radu pf circular sections, 02 
meter observations, 171 
standard onfloe defined, 148 
Tomoelh theorem, 60 
Venturi meter formula, 100 
werr measurements, 151 


Humblot, allowances for Paris sowers, 10 
Husted, A G, backwater and dropdown 
curves, 101 

Hydraulic elements, bosket-handle, 131, 138 
Boston horseshoe section, 130-140 
catenary, 130, 138 
olrouior, 128-120, 138 
egg-shaped, 120, 138 
five-centered, 138 
tlothio, 130, 138 
Gregory's sefuielliptloAl, 134 
horseshoe, 131, 132, 138-140 
parabolic, 136, 138 
rectangular, 136, 138 
semicircular, 130, 138 
semiolhptioal 132, 133-134, 138 
U-shaped, 136, 138 

Hydraulic formulas, (see also Measuring 
devtces, orifices, weirs, etc }. 

Basin, 76, 04, 07-08 
Caiezy, 77, 78, 70 
critical depth, 102, 103 
Darcy exponraonts, 77 
development, 74 

Hasen's volooitios loss than ontiool, 73 
Hosen and Williams', 08 
hydraulic jump, 101, 107 
Kutter, 74, 70 
insets, 01, 04, 402 
hmitations of Kutter, 80 
Manning, 03, 04, 00 
nonuniform, flow, 101 
Reynold's ontioal velocity, 72-73 
simpbfied Kutter, 03 
solution of Kutter, 90 
Weisbaoh, 78 

Hydrauho gradient (see Orades). 

jump, 101-102, 107-110 
Hydrauhes (see also Flow), 
defined, 66 

flow in channels, 78-80 
flow m pipes and oouduits, 70, 74 
of water, 60 
hiotion, 74 
laws of, 69 

losses duo to curves. 111 
through valves. 111 
of transition struoturos, 687 
sudden reduction in oroRs-aootion, 110 
Hydrodynamics, defined, 66 
Hydrostatics, defined, 66 

I 

Ice, runoff from, 312 
temperature water freeses, 06 
weight, 60 

Uhnois, decisions re flooding, 335 
Hhnois Central Railroad, oatohbasin, 640 
lllmois River, flood roourrenoe, 317 
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Hatrup, C , flushing manhole, 605, 607 
ImhoS, S , rimofl for Qcrman cities, 201 
ImhoS tanks, adoption, 20 
Bering advocates, 20 
apace required, 30 
Incrooser chamber, 660 
Indeterminate structures, 482, 601 
India, cholera in, 4 

Indianapolis, aobvated sludge plant, 30 
water consumption, 106 
Infiltration Into sowers, 207-212 
Inlet time, 281, 202, 363 
defined, 280 
Inlets, 636, 537 
Boston type, 66 O- 166 I 
capacity, 630 
oasbngs, 651 
curb opemngs, 688-639 
grating, 640, 642 
head, Bronx tyjie, 662 
Homer's tests, 639 
location, 637, 639 
Los Angelos type, 540, 642 
Manhattan type, 641 
obetruobons, 640 

preferred to oatchbasins In Louisville, 545 
Son Francisco multiple curb type, 643 
spacing Influences tune of runoff, 281, 289 
sufficient, 640 
typical, 637, 643 

volume of water and street grade, 638 
Inspootion holes, 41 
Interoepters (see Soieert, interoeptiTig) 
Intermittent filtration, early m United 
States, 28 
space required, 30 

atudies at Lawrence Experiment Sta¬ 
tion, 29 
Introduction, 1 

Inverted egg-shaped section (see Sewara, 
maaonry) 

Inverted siphon, Baltimore, 608 
blowoffs, 40 
Boston, 600 

Brooklyn under subway, 602-693 

Buenos Aires, 600 

east-iron pipe, 376 

Charlestown, 600 

Chicago, 606 

oleonout chambers, 588 

Concord, 696;inBet, 607 

confused with true, 687 

defined, 40 

described, 687 

design, 680 

dimensions of several, 600 
Fltohburg, 60, 600 
flotabon, 680 
flushing, 588 
Harrisburg, 596, 507 


Inverted siphon, incomplete, 688 
inlet chamber, 590, 692 
internal pressure allowance, 49 
Los Angeles, 600 

Louisville, 501, 692, 594; inset, 595 
manholes, 688 
materials, 49, 689 
Milwaukee,' 600 

New York subway structure, 502-693 
outlet chamber, 600, 602 
Porie, 600 

rodding or sorainng, 588 
slse, 589 
steel, 376-377 
tensile stresses, 689 
typical problem m design, 689 
velocity, 121 , 588 
ventUabng, 689 
Ventun meter type, 500 
weight, 689 
wood-stave, 370 
Worocstcr, 600 
use of, 536 

Inverts (see Sawar tnverla) 

Iowa, decision re floodmg, 336 
Iowa State College, Engmeerlng Experi> 
ment Stabon, tests of loads on culvert 
pipe, 383, 478 

on dlstribubon of loads, 474 
on strength of pipe, 461-406, 468 
Ithaca, flushing sewers, 618 

J 

Jackson, L D'A, tronslabon of Ganguillet 
and Kutter experiments, 70 
Jacksonville, mfiltrabon, 210 
Jacobson flow experiments, 73 
Janssen, method of estimating loads, 401 
Jennings ejeotor, 600 
Jepson, 3 

Jersey City, Bacot report, 16 
basket-handle aqueduot, 428-420 
Henderson Street sower, 16 
Jerusalem sowers, 1 
Jervis, J, B,, 13 

Johnson, J. H, Queens sewer section, 420- 
421 

Johnson, J W., ooncrote cradles, 382 
Joint of rupture, 487 
Joints, steel pipe, 377 
Jones Falls, Baltimore, flood frequency, 311 
Junctions, 681 
bellmouth, 682-683 
bnok, 682-683 
concrete, 683 
design, 583-587 
flat-topped, 683 
FrOhling on junotiona, 685-686 
Hermg on, 47 
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JimotiouB, hydraiilio oonBideratlona, 587 
Louieville type, 683 
Philadelphia type, 682-585, meet, 687 
Pittsburgh type, 684 
Roe'e oomments, 581 
roofs, 584-685 
trumpet orohee, 683 

E 

Eansas City, phenomenal rainfall, 270 
Keefer, C E, desonption of Baltimore 
pumping station, 702 

Keefer and Regester, gagmge of Baltimore 
sewer, 87 

Kedy vs. PorHand, 20 

Kelsey, L C , Balt Lake City rectangular 
section, 441, 443 

Kennebeo River, flood recurrence, 317 
Kentucky, decision re flooding, 336 
Ketchum, " Retammg Walls, Bms and 
Gram Elevators,” 462 
Kewanee, mfiltration, 210 
Kimball, J H , Lomsville sewers, 414 
King, Baam formula, 08 
“Handbook of Hydraulics,” 70, 00 
solution of Monmng formula, 06-07 
values of C, n and m, 03 
weir formula, 154, 156-158 
King and Wisler, "Hydrauhoa,' 111 
Kingsville, minimum grades, 127 
Kinnicutt, L P, Worcester ohemioal pre¬ 
cipitation plant, 20 
Kirkwood, J P , 13 

checked Brooklyn plans, 10 
Now York and Brooklyn work, 13 
Kitchener, infiltration, 210 
Kneass, S , report to Philadelphia, 17 
Knowlton, W T , Los Angeles flush tank, 
613 

Kreinheder, A W, Buffalo storm drains, 
331 

Kuichhng, E , relation between rainfall and 
eewer dlecharge, 201 
Rochester rainfall, 250 
runoff formula, inset, 306, 307 
Kutter, W. R., formula for flow in pipes and 
conduits, 79, 402 
application of, 80 

diagrams with vanous values of n, in¬ 
sets, 01 

hmitations of formula, 89 
relation between Kutter's n, slope and 
velocity, 88 
simplified formula, 93 
solution of formula, 00 
unoertamty of n, 87 


Kutter, W R , value of Chezy C, 79 
values of n, 70-88, 04 
Baltimore values, 87 
Brooklyn values, 87 
Cambridge values, 86 
eonvereion factors, 88 
Denver values, 86 
Hatton’s values, 84 
Horton's values, 81-83 
Metcalf and Eddy values, 90, 127 
Phdadelphia Bureau of Survey values, 
84 

Phoenix values, 86 
Potter values, 84, 85 
Scobey's values, meet, SO, 01 
Seattle values, 86 
variation in, 87 
Yamell and Woodward, 80 
velocities, 118, 119 
velocity of flow, 74 

L 

Laidlaw, W , population estimate, 178 
Lake Erie, Cleveland outfall, 376 
Lake Miohigon, diversion of sewage from, 31 
Lake Ontario, Rochester eewer outfall, 663 
Lampholes, alternated with manholes, 570 
flushing through, 670 
Memphis experience, 680 
Pans, Texas, 570 
pressure on shaft, 680 
purpose, 635 
struotural weakness, 580 
use, 670 

use instead of manholes, 554 
Lancaster, circular section, 420-421 
horseshoe section, 431-432 
semioircular section, 441—442 
Lane, Moses, 2 
account of, 13 
Boston sewerage, 2, 14, 16 
Brooklyn, 13 
Buffalo, 13 
Chicago, 13 

Larohmont, ejector pumpmg station, 710 
Laterals (see Sewers, Tatercd) 

Latham, B , population estimates, 176 
Latrmes, ancient, 2 

Latrobe, C H., Baltimore sewerage, 14 
Laurgoard, 0, storm drain design at 
Portland, Ore, 333 

Lawrence, Memmac River velocity studies, 
116 

water consumption, 190 
Lawrence Experiment Station, analysis of 
transported sand, 117 
established, 29 
mtermittent filtration, 29 
Laws, J. P , eewer oir studies, 668 
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explorations, 1 
(see Sewert, jnpe) 

L Coffin, Truro mroular aeotion, 418- 

I 

9 (boo Sewage, volume) 
woir (see Wvira, leaping) 

J W , motor tube tests, 160-161 
H , Strawborry Creek flood flow, 306 
joisionero flooding, 20-21,336 
r, Mawboy's atudios of ventilation, 
! 

;o flow, 213 

population growth, 177 
00 Adeney and Leita) 

', Voolpcl and Company, Stevens 
tor-stngo recorder, 342 
, gaging manhole, 668 
A 13 , formulas for stress analysis, 

, W„ 2 

jatcB flat grades, 17 
rosiatanoo, 490 
atca, 468, 450 

Oman building regulations, 2 
306 Sowers, loads on) 
r pipe outfall, 053 
tlvoB, axle spaolnge, 460 
400-470, 473 
loontration, 472 
imlo paper, iiso of, 01 
, ooBspools, 4, 0 
■a, 6, 27 

nlseioners of Soworage, 3-6 
Street sower, 5 
i wear, 46(1-467 
ito Hill eowor, 5 
Dpolitan Board of ‘Works, 6 
ipnlitan Commission of Sowars, 4 
A to Thamos, 47 
ation growth, 177 
Lagh sewor, 0 
sowers, 40 
ir of WoUs,” 6 
f allowanoos, 7-8 
gaginga, 10 
ago, 3 

mprovoinout in sanitation, 4 

les, pollution, 6, 6 

rla sower, 6 

inch, infiltration, 210 

solos, oraoks in aquoduot, 630 

tank, 013, 616 

nanliolo, 600 

640, 642 

,ed siphoil, 600 

f llfo from sewor gaa, 660 

rood oonoroto bndgo, 604 

golos County Sanitary Distnots, 

r plates, 460 


Losses of head, banking on curves, llS 
ourves, 111 

enlargement of oross-seotion. 111 
entry head, 110 
friction, 71, 74 

other disturbanoos to flow. 111 
reduction m croas-Bection, 110 
valves, 111 
vd 001 ty head, 110 

Lomsvillo, basis for intercepter design, 234- 
243 

bellmouth, 583 

Beargross intercepter, 230, 432-433 
catchbosins undesirable, 646 
circular seotion, 406-407, 414 
oompound seotion, 446—446 
concrete oradlo, 388 
delta section, 430 
dimensions of sewers, 414 
excessive rainfall, 266, 270 
flood formula apphoable, SOS 
Fries gage test, 264 

horseshoe seotions, 414, 432-433, 441—443 
imperviouB areas, 286 
industrial wastes, 226 
inlets preferred to aatohbasms, 646 
intensity, duration, and frequency, 262- 
208, 270, 272 
invert wear, 466 
inverted siphon, 601-692, 504 
inaot, 695 

manhole cover, watertight, 678-670 
maximum flow in separate sowers, 242 
rainfall intensities, 271 
Northwostorn outlet etudies, 432—433, 
668 

overflow weir, 640 
parabolic seotion, 439 
pcrcontage of imporvioue area, 286 
plotting rainfall, 262 
probnblhty method, 270 
rectangular sootion, 439—440 
runoff oocffioionts, 367 
aemlolUptioal seotion, 133, 411, 414 
Southern outlet, 434-436, 441-442, 655^ 
666 

standard eeotlon, 406-4P7 
Thirty-fourth Street, 432-433 
Lovejoy, F A , manhole, 600-601 
sewer and runoff diagram, 330 
Ludgate Hill sewer, 6 
Lumber, weight, 474 

Lyman, R R , woir diagrams and tables, 164 
Lynn, basis of Interoopter design, 236 
U-shapod eeotlon, 441 

M 

McGlintook, J R, minimum grades, 126 
MoGomb, D, ]£ , oonorete sewers, 15 


! 
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MoGee, H. O., runofl formula, 291 
MoEenne, T , inflltration, 208 
MoMath formula, 300 
use of, 300-306 

McNulty, R J , lockmg device for manhole 
covers, 677 
tide gate, 666 
toggle-jomt regulator, 622 
McNulty Engmeermg Co , 622, 666 
Macon, phenomenal rainfall, 276 
Madison, mhltration, 200 
water consumption, 100 
Madison-Chatham, Imhoff tank, 20 
Marne flooding case, 20 
Malden, infiltration, 200 
Manchester, water consumption, 107 
Manchester, England, first use of leaping 
weir, 647 

Manhattan, Borough of, Canal Street sewer, 
16 

catchbasm, 540 
combmed system, 30 
disposal by dilution, 34 
erosion of mverts, 146 
inlet, 641 

population density, 186, 187 
estimate, 176-177, 179, 187, 200, 201, 
202 

increase durmg day, 201-202 
resident and total, 202 
rainfall mtensity formula, 332 
replacements of manhole covers, 673 
runoff coefficient, 367 
sewerage system, 30 
storm-dram design, 332 
Ventun flume, 165-166, 330 
water consumption, 201 
Manhole steps (see Stepa, manhole) 
Manholes, Bates drop manhole, 660 
bondmg to arch, 666 
bottoms, 666-667 
brick, 664—666 
Brooklyn overflow, 22 
tunnel manholes, 666 
built separately with oonneotmg shaft, 
666 

changes between, 42, 681 

Cmcinnati gaging chamber, 340—360 

clearance, 664 

Concord type, 666-667 

concrete, 664, 660 

construction, 666 

covers, 671 

Boston type, 674-576 
Chicago reversible, 673-674 
clear openmg, 673 
Concord, 678 
design, 673 
frames 673 


Manholes, covers, looking device, 676-677 
Louisville, 678-670 
Manhattan, replacements, 673 
type, 674 
material, 673 

Pacific Qas and Electric Co , 673 
perforated, use of, 674, 668 
Philadelphia looked type, 677 
tests of durablhty, 574 
watertight, 678 
wear, 673 

curves between, 42 
deep, 666 

design, 664, 667, 663, 680 
double, 660-660 
drop. Bates type, 660 
Brooklyn, 666 
CenterviUe suit, 660 
double, 663 

Horner's obieotions to, 566 
Medford type, 662-663 
Newark type, 662 
Staten Island type, 660-^61 
smt, 660 
drop in, 246 
early opposition to, 654 
frames, 671, 673 

Boston type, 674-675 
Chicago reversible, 673-674 
flushing, 606-607, 600 
gate, 660 
gaging, 340, 668 
heaved by frost, 212 
Hopedale type, 660 
inverts, 667 
junctions, 666 
Liberty type, 668 
Los Angeles gate manhole, 668 
Lovejoy typo, 660-661 
materials, 664 
Memphis type, 666-667 
Minneapolis, 607 
Newark design, 668 

no curve or change of grade between, 42 
on siphons, 688 

overflow from, at Brooklyn, 22 
at Cleveland, 631, 633 
Philadelphia type, 657, 668, 677 
Iiressures on, 666 
Samt Louis type, 666 
San Eranoisoo design, 668 
Seattle type, 666-667 
set tangent to side of sewer, 666 
sise, 666 
spacing, 664 

special types, gaging manhole, 668 
gate manhole, 660 
steps, 670-672 
Syracuse type, 666-667, 660 
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Manholes, use, £53 
of lampholes, 664 
wellholes, 663 

Manning, R., formula, 93, 04, 101, 104, 108 
solution of formula, 06, 07 
Monsergh, J , Woroester ohemiool prooipi- 
tation plant, 20 

Mansfield, vator oonaumption, 107 
Maps, separate sevrer design, 243 
storm-droin design, 320 
Marblehead, Barbour type raoh, 607 
pumpmg station, 710 

h^orkmonn, P J., St. Louis fivo-oentered 
Bootion, 413-413 
Marlborough, infiltration, 200 
sewage flow, 213 

Murston and Anderson, computation dia¬ 
gram for loads on conduits, 470, 486 
oulvert pipe loads, 478 
embankment loads, 478 
loads on pipe, 376, 330-382, 461-462 
Morston, F A., rainfall studios, 277, 287 
Marvin, O F , rain gage, 263, 268 
Maryland, rates of sewage flow, 233, 236 
Massaohusetts, oensuses, 101 
decision re flooding, 330 
water consumption in cities and towns, 
106 

Massaohusetts Institute of Technology, 
siphon spillway tests, 046 
weir studios, 167, 642 

Massaohusetts Metropohtnn Sewerage Sys¬ 
tem, bosket-handle section, 392, 426, 
428-429 

basis for interoeptor design, 234 
oatenoiy sootions, 302, 426-426 
oiroulor seotinn, 76 
elhptioal eootion, 420—427 
Oothlo section, 302, 420-422 
horseshoe section, 431-432 
Horton’s gagings, 82, 83 
hourly sewage flow, 217 
industrial wastes in Neponset Valley 
interoopter, 226 

leakage into mtoroepter, 207-200 
Neponset Volley Oothlo sootion, 418-410 
ratio of sowago to water oonaumption, 
103, 202-206 

shear gate regulator, 620, 621 
Ward Street pumping station, 600-702 
weight of sewage disohorged, 66 
Massaohusetts Metropolitan Water Works, 
gaging aqueducts, 171 
Waohusett Aqueduct seotlon, 420-430 
eraoks, 630 

Weston Aqueduct oraoks, 630 
Massaohusetts State Board of Health (see 
also Lawrenee Bxperimmt Station). 
Folsom'e studies of sewage disposal, 20 


Matthes, G H , flood flows m streams, 313, 
310 

Maurer, E R., analysis by elastie theory, 63 
Mawbey, E G., studies of ventilation, 672 
Maximum flow gage (see Measuring devicee) 
Measuring devices (see also Ratn gages) 

Au water stage recorder, 340 
Boyden hook gage, 346 
Bristol gage, 344, 363 
Builders Iron Foundry gage, 348 
ohemiool method, 172 
orltiool depth flow meter, 20, 147 
ourrent meter, 170 
Foxboro gage, 344 
diaphragm pressure gage, 344 
dyes, 171 

oleotrioal method, 172 
Emerson hook gage, 346 
float gage, 340 

measurements, 171 
flow meter, 20, 162-163 
gaging chamber, 340-360 
Gurley hook gage, 346-346 
water stage register, 342 
hook gages, 161, 346 
improrod Venturi flume, 168-160 
mdicator recorder, 161, 163 
maximum flow gages, 347-348 
nonreoording gages, 344 
orifloes, 147-160 

disoharge for vertical elroular, 140 
for vertical square, 160 
Pacific Flush Tank Company hook gage, 
346 

Pitot tube, 146, 164 
pneumatio pressure gages, 344 
point gage, 344 

rogister-lndioator^recorder, 161, 163 
setting sewer gages, 348 
Simplex meter, 162 
staff gage, 344 
Stevens hook gage, 340 
water stage recorder, 341 
stilling box, 162, 346 
Venturi flume, 166-167, 330 
meter, 160, 104 
water stage recorders, 330-344 
weirs, 148, 161, 163, 160 (see also 
Wews). 

Cippoletti, 16S-169 
submerged, 166 
trapesoldal, 168 
triangular, 167-168 
Medfiold, infiltration, 200 
Medford, drop manhole, 662-663 
Memphis, oxpenenoe with lampholes, 680 
manhole type, 666-667 
separate sewers, 23-24 
yellow fever, 23 
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Menilmontant sewer, 9 
Menzies, separate sewers, 23 
Merokel, Curt, reoord of sewer, 1 
Menweather, Niles, Memphis sewerage, 24 
Memmao River, Rood reourrenoe, 317 
velocity studies, 116 
Memmao aatohbasm cover, 661, 663 
Memman, atmoaphenc presaurea and CQuiv- 
alenta, 67 
Hydraulics, 116 

Metcalf, Leonard, values of C for cement- 
lined pipe, 99 

Metcalf and Eddy, Acnshnet interoepter, 
New Bedford, 142 
Boston rainfall curve, 269 
Fort Wayne area, 1S4 
Gurley hook gage, 346-346 
Louisville rainfall, 262—272 
separate sewer design, 238-241 
manhole step, 671-672 
New Bedford population, 183 
aemieUiptioal section, 410-411 
Sprmgfield rainfall curve, 260 
values of n, 00 

watertight manhole cover, 678 
Metcalf, GiSord and Sulhvan, water con¬ 
sumption, 104 

Metering m American cities, 106 
Meters (see Measuring demees) 
Metropohtan Sewerage Commission (see 
Massachusetts, New I'ork) 

Meyer, A F , Cambridge, Ohio, rainfall, 277 
ramfall intensitiea, 273 
Miami Conservancy District, runoff studies, 
366 

Mmmi River flood, 306 
Miohelotti and Bossut, flow pnnciple, 77 
Michig an , University of, weir tests, 167 
Mill Creek, Ene, flood frequency, 318 
St Louis, sewer smt, 21 
mtercepter, Worcester, compound sec¬ 
tion, 446-447 

Miller, H. A , Cambridge horseshoe section, 
429-431 

Charles River Basm semielhptioal con¬ 
duit, 434-436 

overflows m Boston margmal conduit, 634 
Mfller siphons, 611-612 
Mills, Hiram F, velocity, 116-116 
Milwaukee, activated sludge exjienments, 
30 

basis for mtercepter design, 234 
flushing sewers, 60 
mdustnal wastes, 226 
mverted siphon, 600 
Lane sewerage, 13 
leaping weir, 646, 647 
population estimate, 176 
runoff coefficients, 367 
curves, 322, 326 


Milwaukee sewage flow, 216 
etorm-drain design, 322, 325 
water consumption, 194-106, 100 
not reaching sewers, 102-103 
Miner, E J , sewer gagings at Cincinnati, 
222-224 

Minneapohs, flushing manhole, 606, 607 
sewer outlet, 662-663 
weUhole, 666 

Minnesota decision re flooding, 336 
Mississippi River, Minneapohs sewer outlet, 
663 

New Orleans sewage discharged mto, 6U, 
706 • 

Missouri, decisions re flooding, 21, 336 
Modesto, mimmum grades, 126 
Mohr, earth-pressure theory, 466-468 
Molecular changes, water, 66 
Monobth, reinforced concrete to act as, 63 
Monongahela River, flood recurrence, 317 
Monte Vista, infiltration, 210 
Montgomery, J , Austin sewage flow, 217- 
210 

Moore and Biloock, adjustable-type leaping 
weir, 660 

Moraine Park runoff studies, 366, 360-362 
Morgan, A E , Miami Conservancy District 
runoff studies, 366 

Moms Machine Works, centrifugal pump, 
678, 702 
impeller, 680 

Morristown, reinforced ooncrete bridge, 602 
Morse, H S , Cincinnati annexations, 184 
maximum-flow gage, 348 
rainfall curve, 260 
sewer gagmgs, 222-224 
Mount Hope Retreat, dilution smt, 32 
Muckleston, H B , flume discharge, 160 
Mimich, population growth, 177 
Murphy, E C , floods on American nvers, 
310 

N 

Nash Engineermg Company, Jenmngs 
ejector, 600-601 
"Nash Hytor’’ compressor, 691 
Nashua River blowoff at Fitchburg, 60 
Natick, infiltration, 200 
sewage flow, 213 
Naugatuck River pollution, 33 
Nebraska flooding cose, 20 
NeiUsmlie, Hart vs , 21 
New Bedford, Acushnet mtercepter, 142 
basis for mtercepter design, 234 
horseshoe section, 432-433 
outfall sewer, 432—433 
population curves, 183 
water consumption, 106 
New Haven, mfiltration, 210 
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Now Jorsoy, basis for intcroepter desisn, 234 
industrial wastes m Possaio Vollay sewer, 
226 

infiltration to joint trunk scwor, 20Q 
joint outlet sowar, findgo, 603 

storm water onteiing manholes, 676 
joint trunk sowor outlet, 664 
minimum ollowablo grades, 123 
Potter's dotormination of value of n in 
trunk sewor, 84 

New Orleans, IlQrkli-Ziogler formula, 332 
oomplcto soworago systom, 37 
flushing sowers, 018 
infiltration, 208-200 
latorals, 43 

minimum grades, 124-126 
phonomonol rainfall, 276 
rainfall data, 277 
relief outlets, 64 
storm-droin design, 331-332 
water consumption, 106 
Wood sorow pumj), 087-688 
New York City (seo also tlio Boroughs), 
attempt to gage sewers, IS 
Catskin aquoduet, eraeks, 630 
Bootion, 434-436 
oleoning oatolibaslns, 640 
oombinod trunk sowers, 46 
erosion of inverts, 146 
foundations, 46 
gagings, 364 
house oonnootlons, 41 
inverted siphon, 603 
Kirkwood work, 13 
laterals, 43 

location of ram gages, 276 
MotropuUtonSoworugoConi mission, unde¬ 
sirability of oatahbasins, 644 
population studios, 184 
density, 186 

rainfall Intonsitios, 207, 274, 276 
runoff oooffiolonte, 367 
somieiToiilar sewor sootion, 307 
somloUiptioul aquoduet sootion, 434-436 
stoma-dram design, 332 
Valentine's Manual, 16 
volooltios in Rowers, 123 
Venturi flumo, 330 
wator-wusto studios, 100 
Now York State, Barge Canal flood dis- 
ohorgo, 307 

dooisions re flooding, 20, 337 
New York Stato Cominisslon on Ventilation, 
studies of efTeots of poor ventilation, 670 
Newark, basket-handle mlot oondult, 423- 
420 

drop manhole, 662 
pipe sewer costs, 20 
standard oatohbosln, 648 
manhole, 607-668 


Newton, runoif ooeffioient, 367 
sewage-pumping station, 717-719 
Nimmo, W H R , sido-weir study, 632-633, 
642 

Nineveh sewers, 1 
Nipher, F E , Nipher soreen, 261 
ram gages, 261 
St Louis rainfoU, 260 
Nomographio chart, 07 
Nonumform flow, 100, 101 
backwater, 101 
chute, 102 
draw-down, 101 

NordoU, C H , weir gagings at Milwaukee, 
211 

Norfolk, erosion of siphon, 146 
sewage siphon, 600 
North Attleborough, rack, 606-007 
North Borwlok oatohbasin cover, 661 
North Riror, diachargo of sewage into, 34 
North Brookfield, Infiltration, 200 

0 

O'Shaughuessy, M M , storm-drain design 
at San Frnnolsco, 333 
Odor River, siphon at Breslau, 601 
Ogden, H N , flushing at Ithaoa, 618 
Ogdon, Utah, rootangulur sewor, 430—440 
Ohio River, Cincinnati sewers dlsoharge 
into, 224 

flood roourronoe, 317 
Louisville outlets, 666-068 
“Old Bourne,'' 6 
Omaha, fungus in sawors, 010 
sower flusiung, 010 
suit, 20 

Waring plans, 20 
OnfiocB (see Meaaunno dances) 

Ouso-Qroab Lake Canal, sido-weir study, 633 
Outfalls (see Sev)or ouUela) 

Overflow obambors, 30 
Boston, 633-036 
Hartford, 036 
purpose, 620 

Tompkmsvillo, Staton Island, 030 
Overflows (seo also Overflow chamberar 
Wmra) 

baffled weir, 041 

Boston Marginal Conduit, 633-034 

Boston Tonenn Crook, 034-636 

Cleveland, 031, 033 

design important, 30 

Hartford, 036-630 

Louisville, 040 

side weirs, 031, 633 

silt chambers (see Silt ohambera), 

Syraouse, 641 

transformer ohambor, (136 

twin-type Hartford, 638 

types, 631 
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P 

I 

PaoLflo Flush Tank Ck>mpaii7, amount of 
flush, 619 
hook gage, 346 
Miller siphon, 610-613 
Paoiflo Qas and Eleotno Company, manhole 
oovers, 673 
Pail system, 12-13 

Paraboho section (see Snoera, maaonry). 
Pans, cesspools, 11 

change of street cross-seotioiis, 10 
cholera, 0 
early sewers, 0 

inverted siphon under Seine, 600 
Menilmontant sewer, 0 
refuse discharged mto sewers, 10 
sewerage system, 0-11 
street cleanmg, 11 
topographic survey, 0 
true siphon over St Martm canal, 600 
ventilation m, 671 
Pans, Texas, use of lampholes, 670 
Parker, A F, Ogden rectangular oondmt, 
430-440 

Parmley, W C , side weir, 631 
runoS formula, 300-301 
Parrott, report to Boston, 16 
Farshall, R L. and Rowher, C , flume tests, 
168-160 

Passaic River, flood recurrence, 317 
Patapsco River, discharge mto, 37 
Patch, W W, gaging aqueducts, 171 
Paterson, basis for intercepter design, 234 
industrial wastes, 226 
Pawtucket, Carpenter's ram gage, 268 
maximum-flow gage, 348 
regulator, 620 
runoff coefl^oient, 367 
water consumption, 200 
Pensacola, phenomenal rainfall, 276 
Pennsylvama, decisions re flooding, 337 
Peona, mfiltration, 200 
water consumption, 200 
Pettis, C R , runoff formula, 310 
Philadelphia, arrangement of separate 
sewers and storm drains, 44 
bellmouth junction, 582 
Bureau of Surveys, sewer observationB, 84 
mroular sewer section, 418—420 
culverts recommended, 17 
egg-shaped section, 423-424 
flight sewer, 667-668 
Hermg work, 16 
horseshoe section, 431—432 
Horton’s flood flow formula for Phila¬ 
delphia creeks, 310 
jointing compound tests, 386 
junction type, 582-686 
inset, 587 


Philadelphia, Eneass report, 17 
looked cover, 677-678 
manhole type, 667-668 
population growth, 176, 170, 181 
rainfall intensity formula, 332 
rectangular section, 441, 443 
rubble masonry arch, 448 
runoff ooeffldent, 332, 367 
semieUiptical section, 434-435 
separate system, 44 
storm drain design, 332 
Torresdale filtered water conduit, 434- 
Webster's standard sections, 46 
values of n for sewers, 84 
Philbnok, E B , account of, 14 
Brookhne report, 22 
Philhps, A E , concrete cradles, 386-3E 
regulator at Washington, 624, 627, ( 
sewer flushing, 616 

Washington pumpmg station, 712-71 
sewers, 386 
tide gates, 666 

Philhps, John, egg-shaped section, 300- 
London sewerage, 4, 8 
separate sewers, 23 
velocity allowance, 8 
Phoemx, Cotten’s values of n for sowers 
float measurements, 171 
sewage flow variations, 217 
Fierce, C H , flood flows in New Engle 
310 

Pig iron, weight, 474 
Pipe, Bazm’s distnbution of velocities in 
Chesy formula, 78 
flow in, 74-81 
friction in, 76 

H ozen and WUliams formula, 08 
Eutter formula, 70 
velocity, 114 
brass, flow in, 73, 81 
values of C, 00 
oast iron (see Sewera, jnpe), 
cement oonorete (see Sewer pipe). 
oement-hned, values of C, 00 
oonorete (see Sewer pipe) 
glass, flow m, 81 
values of C, 00 
“Lookbar," flow in, 81 
steel (see Sewer pipe) 
trench (see Trench) 
wood stave (see Sewer pipe), 
wrought iron, flow in, 81 
Pitot tube (see Meaaurtng deoieee). 
Pittsburgh, basket-handle sewer seoti 
428-420 

flat-topped junction, 683 
population growth, 179 
sewage flow, 213 

Plymouth, water consumption, 200 
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Pneumatlo pressure gages (see Meatwxng 
detxeea) 

Point gage (see Meaaunng dssiass) 
PoiBOUillo, flow experiments, 73 
Population, (see also individual places) 
aoouracy of cstimatoa, 101 
anthmetiool increase, 177 
Amcnoan cities, 176, 178 
change In character of city, 187 
Cincinnati, 228 

dooreaBO in poroentoge rate of growth, 178, 
181 

density, 185-187, 222 
for 62 oitios, 180 

on Boorgross interceptor, 230-240 
estimating, 176, 182, 101 
German cities, 177, 182 
graphical method of estimating, 177 
growth, 176 

by decades, 170, 181 
rate of growth by cities, 178-170 
by distncts, 180 
of United States, 182 
reduction in rate of growth with sise of 
city, 178 

resident and total, 202 
served, 173 
uniform growth, 176 
wards, 187-180 
sonlng, 100 

PorUand, Jfaine, Kelly vs , 20 
Portland, Ore , runoff ooeffloient, 333 
storm-drain desigh, 333 
Porter, D , weir testa, 167-168 
Potomao River, storm rollef conduit, 620 
'Waahmgtoa sewage discharged into, 
712 

Potsdam, siphons, 601 
Potter, A , estimate of storm water entering 
New Jersey joint outlet sewer through 
manhole covers, 670 
mimmum grades, 120-127 
outfall atruoturo, 666 
river crossing, 002-003 
values of n, 84-86 

velooltles measured and oomputod, 86 
Prooipitation (see also Ratn gagee) 
absolute measuromont, 261 
as basis of design, 240 
average rate, 260 
Boston, 204-206, 260 
Chestnut Hill, 204-206 
Cincinnati, 208 
ooeffloient of distribution, 287 
curve adopted for design of storm drain, 
321 

ourves, 200-2^h 
data neooBsaryiw 
Detroit, 268, 32^324 
dlstnbution of intense, 276 


Preaipltation, duration, effect on runoff 
ooeffloient, 201 

east of Rooky Mountains, 260 
exoesBive (see also Phenomenal precipu 
tation) 
defined, 262 

frequency at high rates, 261-273, 334 
gaging over sewer distnot, 361 
Horton's disoussion of measurement, 262 
intensity as basis for runoff studies, 282 
formulas for various places, 330-333 
-duration relation, 269 
-frequency, 266, 268 
Louisville rainfall, 262-272 
Marston's studies, 277 
maximum intensitios at Louisville, 271 
precipitation in given time, 284-286 
measurement of, 260-260, 361 
Milwaukee, 322, 326 
New York, 268, 274-276 
"ordinary" storms, 334 
phenomenal storms, 273-274, 276 
probabihties, 200, 200 
quantity in specified periods, 284 
ram gages, use of, 240, 361 
ratio of Intensity to maximum, 277 
records, 240, 263-277, 351 
relation between, and runoff, 201 
runoff storm dram, 321 
Springfield, 268, 326-330 
8t Louis, 208 

storm-water runoff, 240, 278 
Talbot’s studies, 260 
timo-lnteaslty-frequenoy, 260-273 
travel of storms, 362 
true rate determmed, 351 
uniform rates, 240 

Umted States 'Weather Bureau records, 
200 

variable rates, 240 

Pressure (sec Atmospheno preaaure; Sewers, 
loads; Water pressure, Sewer pipe, 
internal pressure) 

Pressure sewors, defined, 40 
Private ownership of sowers, 16 
Private water supphes, 206 
Profiles, separate sewer design, 243 
storm-dram design, 326 
Providence, basis for intcroopter design, 234 
Carson work, 14 
catchbosin, 646-647 ' 

Clapp, city engineer, 14 

Greene, Adams and Ohosbrough report, 14 

Hering report, 14 

mdustrial wastes, 226 

population, 186 

ratio of sewage flow to water consump¬ 
tion, 103 

Shedd sewerage, 14 
tide gates, 662-668 
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Proyidenoe, trapped oatohbaaiii, 646-647 
water oonaumptioii, 166 
Pullman, separate sewers, 23 
Pumping stations (see also Pumps} 

Albany, 711, inset, 713 
Austin, 716 

automatic control, 668 
Baltimore, 36, 674, 702-703 
Boston, 677 

Umon Park S , 707—706, and inset, 709 
"Ward Street, 696-702 
Chicago, Calumet, 704-706, inset, 707 
Columbus, 702, inset, 706 
design, 664 
head on pumps, 667 
Larchmont, 716 
London, 48 
Marblehead, 716 
New Orleans, 681, 706-709 
Newton, 717-716 
North Attleborough rack, 666-667 
number required, 674 
period of design, 174 
racks, 666, 706, 708 
reserve pumps, 667 
screen chamber, Boston, 710 
Bcreens required with small pumps, 680 
suction well, 666 
supplementary power, 667 
underground, m steel tanks, 604r-606 
use with force mams, 60 
Ward Street Station, 669-702 
Ventun register, 165 
Washington, 674, 712-716 
where required, 674 
Yeomans floodproof, 666 
Pumps, automatic control, 668 
centrifugal, 677—687 
Amencan Well Works nonolog, 681 
characteristics, 686-686 
Chicago Pump Company nonclog 
impeller, 682 
closed impeller, 680 
described, 677 
early types, 678 

Fairbanks-Morse nonclog, 676-680 
head, 667 

horizontal double-suction type, 677, 
679, 686 

impeller design, 678, 680-682 
Moms Machine Works nondog type, 
678, 880, 702 

noncloggmg Impellers, 676-682 

power, 682, 667-698 

pnming, 683 

reserve, 667 

section of vertical, 670 

settmg, 686 

sue, 679 

suction piping, 684 


Pumps, centrifugal, vertical type, 678-679, 
683, 686 

Worthington trash pump impeller, 682 
Worthington volute, 680, 704 
Yeomans nonclog, 681 
eleotric centrifugal ejectors, Chicago 
Pump Company type, 661, 693 
described, 691 

" Flush-Kleen " type, 661, 693 
underground typos, 664, 696 
Yeomans t3rpe, 601-662, 606 
head on pumps, 667 
nonclog type, 679-682 
pneumatio ojeotors, 086 
described, 686 
Jennings type, 660-601 
Larchmont, 710 
Shone type, 680-660 
use, 680 

reciprocating, 674 
Baltimore, 676, 070 
Boston, 677 
described, 676 
valves, 676-676 
use, 676 
screw, 687—689 
impeller, 087 
New Orleans, 087 
Wood type, 687-688 
Worthington type, 688-680 
types, 674 
valves, 676 
Baltimore, 676 


Q 

Quantity (see Volume) 

Queens, Borough of, circular section, 420- 
421 

population, 187 
rainfall intensity formula, 332 
storm-drain design, 332 
Quincy, impervious area, 286 

ratio of sewage flow to water oonaump- 
tlon, 103 


R 


Racks, 606-667 
Radial system of sewerage, 37 
Railroad track, report of Conmuttee of 
A a C E , 470 

standard type construction, 471 
stresses, 473 
Ram gages, Boston, 276 
charts, 262-268 
dook movement, 266 
Draper, 267 
exposure, 260 
Fergusson, 266 
float gage, 263 
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Rain ec^gOB, ITriec, 253 
LouiariUa sagOi 202 
Murvin, 263, 268 
Now York, 276 
proBsuro gngo, 253 
recording, 262 
requiBitos, 262 
St Louis, 270 
setting, 260 

tipping bucket gage, 262-263 
tost of, 254 
types, 262 

U. B Weather Bureau, 260-261 
use of, 240 
Washington, 270 
woighing gage, 263 
Rainfall (see Precipitation) 

Randolph, I, Chicago olhptical section, 
420-427 

Ranolagh sowor, 0 
Rankin, R S., invert woor, 468 
Newark pipe sowor costs, 20-27 
Rankmo, W J M, dotcrniination of 
horisontol embankment prcBsuro, 480 
theory of earth prossuros, 466, 408 
questioned by Torzoghi, 460 
Rantan River, flood roeurrenoe, 317 
Rational method of cstimatmg storm-water 
flow, 270 

application to largo areas, 306 
Baltimore storm drains, 330 
Buffalo storm drams, 331 
Chicago storm drains, 331 
Cleveland storm dram design, 331 
design of storm drams, 320 
Philadelphia, 332 
Portland, Ore, 333 
Roohoster, 333 
Saint Louis, 333 
San Franelsoo, 333 
Washington, 333 
RawUnson, R, 2 
advocates flat grades, 17 
on inadequate design, 8 
Paris sowers, 11 
aoporato system, 23-24 
Reading, inflltratlon, 200 
Roetangulor sootion (see Seioera, masonry) 
Regoster, R. T, gogmgs of Baltimore 
sowor, 87 

Reglstor-indioator-reoordor (see Meaeunno 
devices) 

Regulator, Boston types, 020-023 
Cleveland typo, 030 
clogging, 024 
Coffin type, 022, 024 
combined with storm overOows, 020 
eonstont-flow type, 022-623 
desonbed, 620 
failure, 624, 680 


Regulator, funotiona, 620 
Hartford, 037 
inspection, 630 
McNulty type, 622 
Pawtucket, 626 
Rochester, 620, mset, 631 
shear-gate type, 620 
stop plank, 037 
Syracuse type, 024-026 
toggle-joint type, 622 
use on combined systems, 636 
walking-beam type, 630 
Washington type, 024,627-628, inaets,029 
Rohbogk, Th , weir formula, 166 
Relief outlets, 54 

Reppert, C M , Pittsburgh bosket-handle 
section, 428-420 
Repubhe Flow Meter Co , 164 
Reynolds, Osborne, critical velocity experi¬ 
ments, 72-73 

Richmond, false eUiptical sewer section, 
426-427 

Borough of, rainfall intensity formula, 
332 

runoff coefficient, 367 
storm-droin design, 332 
U-shaped section, 441-442 
“Ring pipe,” doOned, 366 
Rio Qronde, flood reourronoe, 317 
River orossinge, 636, 602 

Breslau siphon over Oder, 001 
bridges, 002 

Concord inverted siphons, 606 
Denver reinforoed-oonerete bridge, 004 
girders, 636 
HomsbuTg, 606 
inverted siphon, 666 
joint outlet sewer orossmg on piers, 
002-003 

Los Angeles reinforoed-eonorete bridge, 
604 

Morristown reinforoed-oonerete bridge, 
602 

Saint Louis box-girder sewer, 604 
“River of Wella," 6 
Road rollers, 471 
axle spacing, 471 
load per wheel, 471 
loads, 473 
weight, 471 
wheel diameter, 471 
Robinson, Prof , sewer velooity, 8 
Roehester, ralnfoU intensity formula, 333 
records, 260 

regulators, 627-031, inset, 031 
runoS ooeffloient, 333, 367 
sewer outfall, 063 
atorm-droin design, 333 
Roe, John, gagings of London sewers, 16 
junotions, 681 
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Roe, John, observaidona on Finsbury and 
Holbom sewers, 9 

table for oomputing sewer sizes, 8-0 
Rogers, report to Boston, 16 
Roman building regulations, 2 
drams, 1 

Roofs, oonneotion with sewers, 40, 237 
runoff from, 200 

Rose Polyteohnio Institute, internal pressure 
teats, 383-384 

Rosewater, A , Omaha sewerage, 20 
Rosa, C N , zone pnnoiple, 208 
Rousoulp, J. A , zone prmaiple, 208 
Rowher, C , Ventun flume testa, 169 
Royal Testing Laboratory, Berhn, tests on 
pipe strength, 386 

Rusrk, M J , Baltimore storm-dram design, 
330 

Runoff, actual sewer gagings unreliable, 361 
allowanoe for design of oombmed sewers, 
320 

of storm drama, 320 
of main sewers, 47 
Brooklyn allowances, 18 
coefficients, 283 

distribution of rainfall, 287 
greater than unity, 366 
impervious areas, 286, 286, 200, 202, 
206, 200, 366 

g-TiH pervious surfaces, 202 
Hoad's runoff coeffioienta, 291—202 
Homer's runoff coefficients, 291-293 
Metcalf and Eddy's coefficients, 266— 
268 

pervious areas, 290, 202, 206 
rectangular areas, 209 
retention, 287 

runoff for vunous conditions and 
durations, 202 
for various places, 330-333 
for various surfaces, 200, 350-361 
conditions affecUng rate, 278 
consideration m design, 240 
curves, 322-323 
Detroit, 322-324 
drainage area oontnbutmg, 362 
effect of storage, 288 
empirical methods, 200 
entering New Jersey jomt outlet sewer 
before completion, 676 
extent of drainage area, 353 
for German cities, 201 
formulas, Adams, 300-301 

BOrkli-Zlegler, 300-301, 306, opposite 
306, 311 

comparison of, 311 
Fuller, opposite 306, 308, 300-311 
Gregory, 201-202, 300-301 
Hawksley, 800-301 
Hering, 300-301 


Runoff formulas, KuiohKng, opposite SOOt 
307, 311 

MoMath, 300-306, opposite 306, 311 
Metcalf and Eddy, 202, opposite 306, 
307, 311 

Murphy, opposite 306, 307, 311 
Parmley, 300-301 
Pettis, 310 

from different classes of surfaces, 200, 
360-361 

from small plots, 355 
from snow and ice, 312 
gaging storm flow, 330, 361, 364 
Henng's studies, 201 
Hoad coeffioients, 201-202 
Homer’s coefficients, 201—203 
impemouB areas m American cities, 286- 
286, 292, 203, 324 
inaccuracy of coefficients, 363, 365 
influence of topography, 30 
inlet time, 280-281, 202, 363 
London aUowanoes, 7-8 
TnR.nmuTn discharge, 287 
for small drainage areas, 310 
method of measurement, 362 
Miami Conservancy experiments, 356 
Milwaukee, 322, 326 

Morame Park experiments, 365, 360-362 
pervious surfaces, 202, 203, 206 
proportion of rainfall flowing off, 270 
rainfall curves necessary, 283 
m speoifled time, 284 
ratio of storm water to house sewage, 64 
of total area to elapsed time, 204 
rational method, 270, 305 
rectangular areas, 200 
relation of runoff to size of drainage area, 
inset, 306 

retardation m sewers, 288 
Roe's tables, 8 

roofs connected to sewers, 40 
sewer district characteristics, 353 
snow and Ice, 312 
Bprmgfield, 326-330 
storm-flow measurements, 366 
storm water, 240, 278, 201, 200 
storage m sewers, 288 
street grade influences amount entenng 
inlet, 638 

tune-contour analysis, 203 
tune of concentration, 280, 364, 366 
unrehabihty of computations, 362, 366 
variation over dramage distnct, 270 
with duration of rainfall, 201 
volume, 278-310 
zone pnnoiple, 202-200 
Rust, C H , Toronto mroular section, 420-421 
Rutherford, infiltration, 210 
Ruttan, H M , Winnipeg flush tank, 613 
Winnipeg outlet sewer, 668 
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Saoramonto, minimum ipades, 120 
BaSord, A. T , woir diaohorges, 163 
Blunt Lome, box-girder sewer, 604 
elliptloal sewoTB, 416, 417 
erosion of inverts, 146 
flvo-oentered sootion, 412—413, 437—438 
gagings, 364 
Ovlath vs. Lovnt, 21 
Horner’s inlet tests, 630 
horacaboo seotion, 301, 415-417, 430—437 
inlet time, 363, 638 
looatiou of rain gages, 276 
manhole, 660 
Mill Creek sewer ease, 21 
population growth, 176, 179 
rainfall intensities, 267—208, 286 
records, 260 

reotangular seotion, 437-438 
for deep rook out, 600 
runoff ooeffloionts, 202, 333 
semielliptloal sootion, 412—413, 437—438 
sower seotion, 410-417 
sewers, dimensions, 415—416 
storm-drain design, 333 
Baint Petersburg, infiltration, 210 
Bolem, infiltration, 210 
Salt Lake City, infiltration, 210 
reotangular conduit section, 441, 443 
Son Antonio, water consumption, 106 
Ban Franoisoo, early sewerogt system, 20 
loss of life from sewer gas, 671 
manhole design, 568 
rainfall rates, 333 
runoff ooeffioionts, 333 
standard inlet, 643 
storm drain design, 333 
water oonsumptlon, 106 
San Luis Obispo, infiltration, 210 
Ban Marcos, aotivatod sludge plant, 30 
Band, analysis of transported, 117 
erosion of, 116 

Sanitary code for England and Wales, 0 
Sanitary District of Chioago (see Chicago, 
Sanitary Dttirial). 

Santa Crus, inffltratlon, 210 
Santos, Brasil, parabollo seotion, 306 
Baph and Sohoder, flow in brass pipe, 73 
Savannah, rainfall, 286 
Savannah Biver, flood reourronoo, 317 
Baville, C. M., horseshoe aqueduct section, 
420-430 

Schenectady, impervious area, 280 
Schick and Warren explorations, 1 
Bohllok, W. J. and J. W. Johnson, concrete 
cradles, 382 

Sohoder, E. W., diagram of relation between 
n, slopes and velocities, 88 
experiments on brass pipe, 73 


Sohoder, E W, variations in value of n, 87 
weir formula studies, 166 
Scioto River flood, 306 
Boobey, F C, diagram for solution of 
Eutter formula, inset, 91 
erosive velocities, 144 
loss of head due to curvature, 112 
values of n in conduits, 80 
Schenectady, impervious areas, 286 
Seattle, infiltration, 210 
manhole type, 666-667 
runoff coeffioient, 367 
BUliman's values of n for sewers, 86 
Sedimentation, offensive sludge, 20 
Seme River, interoepters, 9 
Semicircular section (see Sewers, maaonry). 
Semielliptloal section (see Sewers, maaonry). 
Separate sludge digestion, Baltimore, 30 
Separate system (see Sewers, aeparate). 
Septic tanks, early American, 20 
early Enghsh, 28 
Imhoff type, 20 
Serpentine, 6 

Sewage, actual measured flow, 213 
additions to, 206 
area served, 173, 183, 220 
average rates of flow, 213, 233, 236 
bacteria m, 868-600 

basic assumptionB for intercepters, 234— 
236 

Cincinnati allowances, 227-233 
defined, 66 

domestic (see Residential aewage). 
domestic, at Toledo, 211 
ratio to storm water, 64 
volume (see Sewage volume), 
escaping from overflows, 64-66 
fiuctuatiens in flow, 214r-220 
industrial, at Toledo, 211 
sources, 173 
weight, 66 

volume (see also Population; Runoff; 
Oaginga). 

German cities, 261 
ground water, 206-207 
hourly variations, 214, 216, 210, 223 
industrial at Toledo, 211 
infiltration (see Leakage). 
leakage from water moms, 103 
of ground water, 43, 207-212 
maximum rates, 213 
measured flow, 213 
population served, 173, 176 
private water supplies, 206 
ratio of storm water to house Sewage, 64 
reduction of leakage by “sUting up,” 
212 

relation between average and max i m uin 
rates of flow, 233 
storm-water allowance, 230 
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Sewage, volume, total quantity, 227, 231 
unit of leakage, 212 
venation, daily, 217-220 
diatriota, 220, 221 
hourly, 214-216 ' 
water ooneumution and, 102 
disposal chemioal precipitation, 28 
oontaot beds, 28 
early, 27 

method mfluenoes general sewerage 
plan, 34 

period of design of works, 174 
septic tanks, 28-20 

spaoe for three types of mstallatlon 
compared, 30 
tnoklmg filters, 28 
farming, Athens, 27 
Bunzlau, 27 

Craigentinny meadows, 27 
Edinburgh, 27 
early, 27 

Sewer air (see Ventilatton). 
bridges, 002 

distnots, oemetenes, 221, 226, 230 
oharaotenstios, 363 
Cinoinnati, 228-220 
oommeroial (see Mercantile) 
determination of factors on, 361 
industrial, 221, 223, 226-226, 230, 232 
manufacturing (see Industrial) 
mercantile, 221, 223, 224, 226, 226, 230, 
232 

parks, 221, 230 

populations and areas, 228-220 
railroad yards, 230 

residential, 211, 220, 224, 226, 230, 232, 

200, 201 

Toledo, 211, 213 
gas (see Ventilation). 
inverts, bnck, 462 
bnok-hned, 468 
erosion, 62, 144-146, 462 
grades, 60 
lining, 03 

Iiaved with gramte block, 660 
profile, 62, 

Saint Louis, 416—418 
slope, 62, 63 
formula, 61 
stepped, 63 
V-^aped, 308 
wear, 462—468 
Worcester studies, 462 
jomts (see also Sewage, volume, leakage) 
Blit up, 212 
tfflts, 386—386 
Washington, 387 

outlets, advantage of numerous, 66 
Baltunoie, 38, 420—430 
Boston, 370 


Sewer outlets, Brooklyn outfall, 446, 660-000 
Bronx outfall, 441, 444, 060 
capacity considerations, 30 
cast-iron, 376, 663-664 
Chicago, runoff from, 216 
Cleveland, 370 
concrete, 063 
defined, 40, 062 
discharge, 66 
double, 062-663 
dry weather, 662 
runoffs from Chicago, 216 
estabhshmg minimum elevation of sill, 
63 

formula for overflow, 60 
grade, 22 

inoreaser chamber, 060 
m tidal waters, 22, 630 
location, 062 
look-bar pipe, 063 

Louisvflle, Northwestern, 432—433, 068 
Southern, 434-436, 441-442, 666-066 
Thirty-fourth Street, 432—433 
Mmneapohs, 062 
New Bedford, 432-433 
New Jersey joint trunk sewer, 064 
New Orleans, 64 
reinforoed-oonorete, 370 
rehef m oombmed system, 63, 64, 
628 

Rochester, 063 

BiU, 66 

etorm water, 601 

submerged outlet, 66, 143, 401, 630 
Thames River, 6—7 
tide looking, 536 
gates, 602 

for types see Tide gates 
use of, 630 
velocity m, 143 
Washington, 001 
Winnipeg, 663 
wood stave, 377 
pipe (see Sewers, pipe) 
sections (see also Sewers, masonry) 

computation of maximum stressea, 619 
concrete, strosses in plain, 620 
stresses in rcmforoed, 621-622 
cracks in aqueducts, 630 
m large horseshoe section, 613 
crown thrust and moment by three 
methods, 612 
design, 02-03 
estimation of loads, 481 
Greene's arch analysis, 482 
horseshoe section, analysis, 403-600 ; 
mset, 406 

longitudmol steel reinforcement, 630 
masonry arch stresses, 620 
methods of analysis, 481 
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Bower BootioDH, proliminary design, 481 
skowbaok, 483 
springing line, 483 

stroBsoa, analysis of, Dresser formiilaa, 
617-^10 

olastio tlioory, 03, 482, 401 
applicability, 401 

oompnriBon with statio and indeter- 
minato niotliods, 611, 612 
forooB involved, 401 
horseshoe scotinn, 403-500 
two typical analyses Cose I Arch 
and Bide Wall, rock founda¬ 
tion, 402, 403 

division of arch nng, 403-600 
bending moments, 407, 400 
oonditions, 405 
external forecs, 400 
force diagram, 408 
forces at orown, 400 
horizontal foroos, 405 
line of reeistanoe, 408 
shears, 400 
thrusts, 400 
vortlonl forces, 405 
Cose II. Full Ring, oompressl- 
blo soil, 402 
OBBumptioiiB, 600 
bonding moments, 501 
ooniputatloiiB, 600 
division of oreh, 600 
slionrs, 501 
thrusts, 501 

indetorininnto struoturos, 482, 501 
application, 501 

anolysla of senuUiptioal sootion, 514- 
616 

oompariBon with olustie and statio 
methods, 511 
hno of rosistanoo, 601 
two typical analyses Cose, I Arch 
and Side Wall, rook founda¬ 
tion, 502 

bonding moments, 606-600 
computations, 605 
crown til rust, 608-600 
division of nroh nng, 505 
eoaentrioity at tho orown, 503 
equations, 604 
external foroos, 606-607 
foroe diagram, 506 
Inset, 600 

foroos and notation used, 503 
line of rosistanoo, 600 
moments, 606-600 
shear, 600 
thrusts, 500 

Oaso II. Full Rmg, thrusts, 600 
bending moments, 510 
oompres^ble soil, 502, 610 
fores diagram, inset, 505 

1 


Bewer stresses, indetorminato Btruatures,tWD 
typioal analyses Case II 
shears, 510 
thrusts, 510 

static method, 481, 483—401 
apphoability, 483 
Baker's disoussion, 483 
oomponson with elastic and inde¬ 
terminate methods, 611 
computation of moments, 488 
orown thrust, 486-488 
for joint rupture, 480 
division into voussoirs, 484—485 
external forces, 485-480 
force diagram, 400 
joint of rupture, 487 
line of resistance, 400 
not applicable to unsymmetrioally 
loaded arches, 483 

reinforoed-oonorete, streeses. 111, 521- 
622 

bending and direct stresses, 623, 626, 
526 

bond stress, 527 

oompression over entire seotion, 621 
foroe produomg oompression and 
tension, 524 
shearing stress, 527 
tension in sootion, 622 
Bofo working stresses, 633 
eomi-oiroulor arch analysis, 486 
stress anolysiB, 481 
transverse stool reinforcement, 627 
unsymmetncal reinforcement, 627 
Voussoirs and joints, 482 
Sewerage, onolent, 1 

statute of Henry Eighth's reign, 3 
systems, Berlin radial, 37 
oonditionB govermng plan, 34 
depreciation, 63 
general arrongoment, 34 
gonerol detmls, 50 
grades (see Oradoa) 
inlluonoed by method of disposal, 34 
by topography, 34 

lack of capacity in early, 34, 36, 04 
of design data, 20 
hfe, 64 

period of design, 174, 286 
preliminary studies, 66 
problems from Frhhlmg, 66-61 
radial, 37 

speoiol structures, 636 
Bowers (see also Sewera, Tnaaonry, jSstosrs, 
bnok; Sewera, pipe, ale ) 
ashlar, orown thickness, 405 
bad judgment in design, 34 
baotena in oir, 660 
bnok, arches, 440 
orown thiokness, 406 
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Sewera, brick, gagingB m at Brooklyn, S7 
infiltration into, 208 
Philadelphia Bureau of Burveya, values 
of n, SI 

suggested values of n, 00 
values of C, 00 

of n in North Metropohtan Sewer, 
82-S3 

of Eutter's n, 81, 84, 87 
oapaoitiea, 43 

changes m direotion at manholes, 42, 681 
olassifioation, 40 

dleaning, areas and depths of flow for 
flushing 017 
automatio tanks, 010 
Brooklyn, 60 
chamber, 607 
Chicago, 60 

Concord flushing chamber, inset, 607 
dead ends, 144 
flush tanks, 144, 010 
flushing, 60, 144, 636, 006 
from brooks, 606 
hand, 600 

Eamsburg, 007-608 
Hoboken, 60 
inlet, 636 
mtake, 606 

Ithaca, flushing sewers, 018 
Los Angeles tank, 013, 016 
manhole, 606, 600 
Miller siphons, 610-612 
Milwaukee, 60 
Minneapohs, 606, 007 
New Orleans, 018 
Omaha, 610 

Ogden's experiments with flushing, 618 
Philhpa on flushing, 610 
scrubbing, 536 

scrubbing fungus growths, 010 
Syracuse, 005-606 
tank for flushing, 144, 010 
value of flushing, 616 
velocity necessary, 617 
water required for flushing, 017 
Winnipeg tank, 013-614 
with sewage, 600 

combined, advantages and disadvantages, 
26 

advantages of egg-shaped over mroular 
section, 389 
defined, 237, 320 
design, 320 

determining elevation, 63 
economic consideratioiis, 321 
factors for design unreliable, 361 
ground-water entering, 206 
main sewers expensive, 47 
Manhattan, 30 


Bewers, combined, rainfall curve, 321 
regulators, 636 
relief outlet, 63 
runoff allowances, 320-320 
coefficients, 321 
curves, 322 

time of concentration, 323 
use of maps and profiles, 320 
versus separate, 26, 36, 40 
concrete (see also Sewers, masonry; 
Sewers, pipe. Sewers, reinforced- 
concrete) 
arches, 440—460 

desirable crown thickness, 404-406 
dismtegration, 461 
first m America, 16 
use, 16 

electrolysis, 461 

mfiltration mto, 208 

mfluence of concrete on sewer type, 02 

hmng, 458 

Lomsville section, 406-407 
McComb, 16 
stress computation, 620 
suggested values of n, 90 
use, 62 

values of C, 00 
of m, 08 
of n, 81, 84 

constructing (see Sewers, masonry) 

costs, 26-27 

depreciation, 03 

depth, 44 

depth of flow, 127 

design, 141 

economic period of design, 174 
extent in various cities, 200 
floodmg of, 336 
flow conditions assumed, 141 
flight, 600 
Baltimore type, 667 
Philadelphia type, 607-668 
use, 47, 62, 636, 666 
flushing, 60 
gases m (see Oases) 
grades, 16-17, 114 
house, 40 

hydrauho elements, 128 
madequaoy of early, 34, 04 
influence of topography, 34, 30, 30, 40 
infiltration mto, 207 

mteroeptmg, basic quantities for sue, 
234-230 

Beargross, 230, 432-433 
Boston system, 14, 234 
capacities, 48 

Cincinnati studies, 230-232 
Cleveland, 36 
Columbus, velocities, 121 
early London, 7 ' 
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Bowers, interoepting, Hamsburg, Paxton 
Creek, 437, 439 
Susquehanna River, 439-440 
leakage in Boston, 207 
Memlmontant, Pans, 0 
penod of design, 174 
regulators, 620 
storm-water aUowanoe, 230 
Syracuse, 431—432 
Toronto, 420-431 
types, 48 
use of, 36 
Washington, 40 
Waterbury, 429—430 
Woroester inverted egg-shaped, 426— 
426 

invert grade, 50, 61 
joining (see Jvnctions) 
joints (see Sewers, ptpe) 
lack of basio data for design, 20 
lateral, congestion in, 63 

oonneotion with submain, 40 

depth, 43 

defined, 42 

double, 44 

grades, 46 

Henng on desirability of, 40 
location, 44 

minimum grades for, 61 
penod of design, 174 
size, 42 

laying (see Sewers, pipe) 
life, 64 
lining, 468 

loads on, application of surface loads, 474 
Amenoon Society for Testing Matenals 
laboratory tests on pipe, 370 
automobile trucks, 471 
backfill, friction of, 463 
load of, 63, ^04 
tamping loads, 477 
transmission of loads, 474-476 
weight, 463—464, 480 
Barbour's study, 401 
computation diagram for loads on oon- 
dmts, 470 
dead, 03, 474 
ditoh-fiUing materials, 463 
distribution of loads, 474r-477 
effect of sheeting, 406 
effect of width and depth of trench, 
403-404 

electnc-oar loads, 470, 473 
Enger's studies, 477 
estimating, 481 

external, 03, 379, 380, 460, 481 
ErOhling’s formula, 461 
freight-car loads, 409, 473 
fnotlonal resistance, 463-464 
Goldbeck's studies, 477 
honzontsl embankment pressure, 480 


Sewers, loads on, Janssen, method, 461 

laboratory tests vs. actual strength, 383 
hve, 03, 408 

locomotive loadings, 400, 473 
long load transmission, 474 
Marston and Anderson's tests, <-461- 
464, 474, 478 

maamum loads on pipe in trench, 404 
Mohr's method, 400—408 
notation, 400 

railroad track standard type, 471 
Rankine's theory, 406, 408 
rood rollers, 471, 473 
short load transmission, 476 
strength of pipe in the ground, 380 
requirements test, 380 
aurfaoe, 03, 408-480 
load intensities, 473 
tamping loads, 477 
Terzaghi's studies, 406 
ties, distribution of pressure over, 471- 
472 

tractors, 471, 473 
trucks, 471, 473 
transmission of long loads, 474 
of short loads, 476-476 
values of c, 462 
LouisviUe dimensions, 414 
Inain, capacity, 46 
combined system, 47 
described, 46 
invert, 46 
low-level, 48 

lowering to avoid surcharging branches, 
63 

outlets on, 47 
penod of design, 48, 174 
reducing cost, 47 
size of, 47 
velocity, 40 

masonry, American Civil Engineers 
Pookctbook formulas, 406 
analysis for design, 03 
arch thickness, 404 
arches, stone block, 448 
bosket-handle, 302 
advantages, 302-303 
Boston typo, 76 
disadvantages, 303 
hydraulic elements, 131, 138 
Jersey City aqueduct section, 428- 
420 

Mossaohusetts North Metropobtan 
section, 302, 426, 428-429 
Newark inlet condmt section, 428-420 
Pittsburg section, 428-429 
use, 02 

velocity curve, 76 
Washington outfall, 428-420 
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Bewers, masonry, brick (see Sewers, hnch) 
brick masonry arches, 440, 461, 463 
catenary, 302 
advantages, 302 
hydrauho elements, 130, 133 
little used, 302 

Massaohusetta North Metropohton 
section, 392, 426—420 
use, 62, 300 
circular, 380 
advantages, 380 
areas, partly filled, 01 
Bronx Borough section, 407-408 
Brooklyn Borough droular section, 
420-421 

Cleveland circular section, 442 
oompanson with semioiroular, 437 
with reotangular, 430 
cntioal depths, 103—104 
Des Moines section, 420-421 
diagram of equivalent sections, 403 
disadvantages, 300, 400 
diBoharge diagram, 60 
discharge, inset, 01 
hydrauho elements, 128—120,138, 430 
mean radii, 02 

Lancaster circular section, 420-421 
Louisville section, 407, 414 
Massaohusetta Metropohton Section, 
76 

Philadelphia section, 418-420 
Queens mroular section, 420-421 
Toronto circular section, 420-421 
Truro section, 418-410 
use, 62, 300 
velocity, 44, 60, 76 
'Wilmington circular section, 420—421 
compound section, Lornsville, 446-446 
concrete dismtegration, 451 
electrolysis, 462 
construction, 300 
cost, 300-400 
in earth, 300 
in rook, 300 
in tunnel, 300 
in water, 401 
matenals of, 446—450 
provision for forms, 447-448 
sheetmg, 465 
space utduation, 300 
stabihty, 400 
cost of excavation, 300 
cross-section design, 404 
crown thickness, 404 
cunette, advantages, 308 
Brussels sewer section, 441—442 
disadvantages, 308 
Lancaster sewer section, 441, 442 
LouisviUe sewer section, 441, 442 
use of, 307 


Sewers, masonry, defined, 380 

Delta section (see ParabtAie double 
sections), 308, 441, 443-446 
diagrams of discharge, 401 
egg-shaped, 300-301 
advantages, 45, 300 
Bronx Borough section, 407-408 
Brooklyn, Borough section, 423-424 
disadvantages, 300 
discharge diagrams, inset, 01 
elements for various depths of flow, 
02 

English design, 300 
house oonnectiona, 51 
hydrauho elemei).ta, 120, 138 
inverted, 426-426 
Philadelphia section, 423-424 
San Francisco, 20 
use, 62, 300 

Worcester mverted section, 426-426 
section, 423-426 
electrolysis, 462 
elhptical, 306 

Chioogo section, 426-427 
disadvantages, 306 
false eUiptioal at Bichmond, 426-427 
Massachusetts North Metropohtan 
sewer section, 426-427 
Saint Louis sowers in earth, 416-416 
m rook, 417-418 
egmvalent sections, 402-403 
five centered (see SemieUiptioal). 

Frye formula, 406 
Qothio, 302 
advantages, 302, 400 
disadvantages, 302 
hydrauho elements, 130, 138 
Massaohusetts North Metropolitan 
section, 302, ^18-410, 420, 422 
Neponset Volley sewer, 418-410 
use, 62 

horseshoe, 301, 303 
advantages, 303 
analysis of section, 406 
inset, 606, 612 
of stresses, 403-600 
Baltimore outfall section, 420-430 
Boston type, 130—140, 301, 420-432 
Bronx Borough section, 432-433 
Bruseds section, 441-442 , 

Cambndge horBeshoeBeotion,420-430 
Chicago, 436-437 
cracks in large sections, 613 
Croton Aqueduct, 301 
diagram of equivalent sections, 403 
disadvantages, 303 
Hartford Aqueduct, 420-430 
hydrauhe elements, 131,132,138-130 
properties, 308, 401 
m earth, 303 
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Sewers, masonry, horseshoe, in rook out, 304 
Lnnoaster seotion, 431, 432 
Louisville seotions, 414, 432—433, 
441-^2 

Metropolitan Water Works, 420-430 
New Bedford section, 432-433 
objeot of design, 400 
Philadelphia soction, 431-432 
proper thickness, 62 
Saint Louis sewers, in earth, 416-410 
in rook, 417-418 
type, 301, 437-438 
South Metropohtan horseshoe seo¬ 
tion, 431-432 
Syracuse section, 431—432 
use, 02, 300 

Waohusett aqueduct section, 420—430 
Waterbury horseshoe section, 420- 
430 

hydrauho properties, 308, 401 
imperviousness, 401 
invert wear, 462-468 
inverted egg-shaped seotion, 425—426 
bmng, 468 
materials, 448—460 
( notation, 380 

objeot of design, 400 
oval seotion, Altoona sewer seotion, 
420-427 

Washington, D, C , 426-427 
poraboho, 306 

advantages, 306, 400 
disadvantages, 306 
Duluth soction, 306 
Hornsburg seotion, 306, 437, 430 
hydrauho olemonts, 136, 138 
Louisvillo seotion, 430 
Philadelphia seotion, 434r-436 
Santos seotion, 306 
use, 300, 400 
rootangulor, 306 
advantages, 306 

Boston doublo-oondult, 441, 443 
Bronx triple reotangulor-oonduit, 
446 

twin seotion, 444—446 
Brooklyn seotion, 430-440 
triple oondult, 446 
twin-rcotangulor, 444, 446 
oompariBon with olroulor seotion, 430 
Des Moines seotion, 430-440 
Homsburg, 430-440 
Hoboken seotion, 430-440 
hydraulio elements, 136, 138, 430 
Louisville, 430-440 

compound section, 446—446 
Ogden seotion, 430—440 
Philadelphia seotion, 441, 443 
Bolt Lake City oondiut seotion, 441, 
443 


Sewers, masonry, rootangular, Balt Lake 
City section, 437-438 
Saint Louis for deep rook out, 606 
size, 401 

use, 306, 300, 400 
V-shaped invert, 307 
relnforoed oonorete orohes, 460 
sections, 02, 406 

Bronx Borough oiroulor and egg- 
shaped, 407—408 

Gregory’s semielhptioal, 408—400 
Lornsvillo standard oonorete, 406- 
407, 411, 414 

Metcalf and Eddy's semlelhptioaL 
410-411 

Saint Louis five-oentcred, 412 
sewers, ooncreto in earth, 416—410 
oonorete inverts m rook, 417—418 
semioiroular, 307 
advantages, 377 
Boston, 434, 436 
Bronx seotion, 434, 430 
' twin outfall, 441, 444 — 44 6 

Brooklyn, 434, 430 
oomporieon with oiroular seotion, 437 
disadvantages, 307, 400 
hydraulio elemonts, 130, 138 
Lanoastor section, 441—442 
Louisvillo compound sootion, 446- 
446 

Now York City, 377 
Saint Louis, 430-437 
stress analysis, 486 
use for outfails, 307 
Washington, 441-442 
Wilmington, 434, 436 
use, 300, 400 
semieUiptioal, 304 
advantages, 304 

analysis of stresses, 614, 617, 628 
Boston, 434—436 
Chioago stookyords, 461, 462 
disadvantages, 304-306 
disohorgo diagram, inset, 01 
Dresser formulas apphoable, 412, 
617-619 

five-oentorod, 412 
Gregory's sootion, 134, 408-400 
hydrauho olemonts, 132-134, 138 
Louisville seotion, 410-411, 414, 

434-436 

Metcalf and Eddy's seotion, 410—411 
New York Catskill Aqueduct, 434^ 
436 

St. Louis type, 412-413, 437-438 
Philadelphia conduit sootion, 434- 
436 

Syraouse seotion, 434-436 
use, 300, 400 
size, eeleotion of, 401 
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Sewers, masonry, space available, 309 
stability, 400 
stone, little used, 400 
stress (see Sewer aeettons) 
tnple seotions, 308, 446 
types of GrosB-seotlon, 380, 400 
selection of, 308 
spaoe required for vanous, 300 
typical eections, 418-448 
U-ahaped, 306 
advantages, 390 
disadvantages, 300 
hydraulic elements, 136, 138 
Lynn seobon, 441 
Riohmond Borough, 441—442 
size, 401 

Byracuse, 441—442 
values of C, 00 
of m, 08 

of n (see buffer, Manmng) 
vitrified clay arches, 440 
Weld formula, 404-406 
minimum fiow, 141 
grades, 123 

Philadelphia, standard arrangement, 44 
pipe 

bearing strength, 370 
cast-iron, 370 

American Water Works speoifioa- 
tlons, 378 

oentnfugolly oast, 377 
discharge, meet, 101 
flow m, 80, 81 
outfalls at Boston, 370 
siphons, 40 
sizes, 377 

thickness and weights, 378 
values of C, 00 
when used, 370 
oement concrete, 370 
Amenoan Society for Testmg 
Materials Bpecifioatlons, 371 
centrifugal process, 371 
chemical tests and requirements, 371 
dimensions, 371 
disintegration, 372-373 
fiow in, 81 

made commercially, 303 
manufacture, 370 
material, 370 
ph3wcal properties, 371 
sockets, 371 

IT S Bureau of Standards tests, 372 
values of m, 08 
concrete cradle (see Laj/tng) 
discharge diagram, inset, 01 
drain tile, described, 303 

n. S Dept, of Agriculture tests, 364 
grades to produce velooibes at various 
depths, 128 


Bewers, pipe, grades, intomol pressure, 383 
Berhn tests, 385 

Hose Polyteohnio Insbtuto tests, 
383-384 
sbess, 383 
tests, 383 
jomts, 385-388 
kinds of pipe, 303 
knife bearings, 870 
laying, 380-386 

oonorote cradles, S81, 382, 380, 387- 
388 

sheebng, 465 
bench shape, 380 

loads, dead (see also Setoers, loads on), 
63, 379, 380 
external, 63 
hve, 63, 468 
surface, 03 
mimmum size, 245 
reinforced oonorote, 373 

American Concrete Insbtute speoifi- 
oations, 374, 375 
bearmg sbength, 376 
centrifugal, 373 
dimensionB, 374 
field cast, 373 
jomts, 375 
machine made, 373 
outfalls at Cleveland, .370 
siphons, 40 
sizes, 364, 373 
sockets, 374 

sbength roquiromonts, 374 
sbess oomputabon, 521-527 
bonsverse steel reinforcement, 527 
use for siphons, eto., 370 
requisites, 303 
sand bearings, 370 
Bises, 245, 303 
steel, 364, 377 
fiow m, 81 
joints, 377 
Siphons, 40 
sizes, 303 
use of, 377 
values of C, 99 
stone block arches, 448 
sbength, American Society for Testing 
Materials tests, 370 
Iowa State College tests, 383 
laboratory tests, 370 
laboratory tests vs actual sbength, 
380, 383 
requisite, 303 

sbength to withstand internal pres¬ 
sure, 383 

to oorry external loads, 370 
m the ground, 380 
requirements test, 380 
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B, pipe, thrso-edso bsanngB, 370 
two-edse bsannga, 370 
unreinforoed oonorete arohea, 440 
itrifled clay, 364 

Atnenoan Sewer Pipe Co epeoifioa- 
tion, 367 

Amenoon Sooloty for Testing Mate¬ 
rials speolfioatlons, 366-360 
bursting testa, 386 
olny doRnod, 364 

Clay Produota Aasoointlon apeoidoo- 
tiona, 308-360 
coats m Newark, 26-27 
dinioneions, 366-308 
Eaatorn Clay Products Association 
speoifiontions, 307 
flow in, 80-81, 364 
Qernian type, internal pressure tests, 
386 

hydrostatic tests, 384-386 
infiltration, 208 
joints, strength tests, 386 
Kutter's discharge diagram, inset, 01 
made oommeroinlly, 363 
manufacture, 364-366 
matonal, 364 
minimum bieo, 246 
phyaiool properties, 300-370 
plain end pipe, 300 
rosistnnoo to erosion, 144 
Roeo Polyteohmo Institute tests, 
383-386 
shapos, 366 
Biaes, 363 
sockets, 300-360 
strength tests, 383-386 
values of m, 08 
of n, 84-87, 00 
weights, 307 
3od stave, 377 
flow in, 81 
use for outfalls, 377 
use for siphons, etc, 376 
values of (7, 00 
nto ownership, 10 
dug cost of main, 48 
orced conoreto (see also Sewers, pipe, 
rcinfOTCod ooucrcto, Sewers, masonry) 
ill nnalyals, 460 

signed to withatnnd resistance, 03 

sirable crown tliiokuess, 404-406 

uiBVllle sewers, 414 

int Louis sowers, in earth, 416-416 

In rook, 417-418 

ess analysis, 621-622 

, described, 48 

use of, 40 

Jon of materials of oonstruotion, 62 
leansing velocities, 120-123 


Bewera, separate system, 22-26, 36, 40, 237 
advantages and disadvantages, 26 
advantages of egg-shaped section, 
300 

alternate projects, 247 
nnolyaiB for minimum-flow condi¬ 
tions, 246 
Baltimore, 37 
baslo data, 238 
Croyden system, 24 
defined, 237 
design, 238-248 
diagram for design, 236 
disoharge of roof water into, 237-238 
drop in manholes, 246 
improperly designed, 22 
Lomsville design, 238-242 
manhole for, 660 
maps and profiles, 243 
maximum flow ip at Louisville, 241— 
242 

Memphis system, 24 
minimum else of pipe sewers, 246 
misuse, 237 
Philadelphia, 44 
Philhps advocated, 23 
Rawlinson design, 24 
reasons for adoption, 237 
surohorged, 238 
volume of flow in, 213 
Wanng’s design, 4 
else, 401 
slope, 60, 61 

special struotures, 636-637 
stone (see Sewers, masonry, ashlar) 
storage m, 288 
Bub-moin, 46 
grades, 46 

submerged (see also Sewer outlets), 401 
surohorged, 20-22, 336 
typos, 62 

unnecessarily large, 16-10 
velooities in, 120, 143 
ventilation (see Ventilation). 

Washington combined system, 40 
Shear gate regulator, 620, 622 
Shedd, J H , Providence sewers, 14 
Sheeting, efleot of, 406 
Sherman, E C , overflows in Boston margi¬ 
nal conduit, 634 

Sherrerd, M R,, basket-handle inlet con¬ 
duit, Newark, 428—420 
Shone ejector, 680-600 
Side weirs (see Weirs) 

Sill (see Seiner outlets) 

Silllman, H D , values of n for Beattie 
sewers, 86 

Silt obambeis, oatchboain type, 660 
disadvantages, 062 
Harrisburg, 660-661 
sump type, 660 
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Bilt ohambers, use, 660 
WaBhingtoii, 661 
inset, 028 

Simplex Valve & Meter Co , ventun meter, 
162 

Siphon, Miller, 611 

epillwaye, Akron type, 643-644 

Chioago, North Side siphon relief, 646 
desorlbed, 044 

Massaohusetts Institute of Technology 
testa, 640 

Stiokney study, 040 
Siphons, true (see also Inverted aiphons) 
Breslau, 001 
described, 688 
Norfolk, 600-001 
Paris, 600 
Potsdam, 601 
use, 636 

Bites for treatment plants, difficult to 
Xirooure, 36 
“Bkewbaok," 433 

Skinner, J F , storm dram design at Roches¬ 
ter, 333 

Slack, dilution suit, 32 
Slope (see also Grade) 
mvort, 61 

required for certain velocntieB, 127 
Smith, H , disoharge of ciraular onOoes, 140, 
160 

formula for acceleration due to gravity, 07 
weir formula, 155 

Smith, J W, semieUiptioal aqueduct 
section, 434-436 
Snow, runoff from, 312 
Southbndge, sewage flow, 213 
Spangler, M O , pipe strength, 383 
Special structures, 635 
Speoifio gravity (see Gravity) 

Spencer, sewage flow, 213 
Spillways (see also Weira) 

Chicago, North Side plant siphon rehef, 
046 

Massachusetts Institute of Technology 
tests on siphon, 640 
siphon at Akron, 643-644 
studies by Stiokney, 646 
'Weinch coefficient of discharge, 646 
SpoSord, C M , loads from eleotno cars, 
auto truaks, etc , 470 

Springfield, Carlisle Brook dram, 326-330 
percentage impemous, area, 286 
rainfall and runoff, 327, 320 
rainfall mtensity, 267 
Spnngmg Ime, 483 
Staff gage (see Meaaurmg devicea) 

Staten Island drop manhole, 660-661 
jomt trunk sewer outlet, 664 
overflow, 030 

Tompkinsville overflow chamber, 630 


Static method of stress analyslB, 431, 483 
Steams, Frederic F (see also Ftdey and 
Steama) 

Baltimore report, 16 
population estimates, 101 
Waohusett Aqueduct horseshoe section, 
420-430 

Steel reinforcement, computation of stresses, 
621 

longitudinal, 630 
transverse, 527, 630 
Steps, manhole, 670 
Boston type, 571 
hook gage, 346 
Metcalf and Eddy type, 672 
Syracuse type, 671 
Stevens water stage recorder, 341 
Stiokney, G F , siphon spillways, 040 
BtiU box, 162, 346 
Stockbndge, sewage flow, 213 
Stockton, mimmum grades, 120 
Storm drams (sse Drama, storm). 
filters, inefficient, 30 
overflows (see Sewer outleia, relief). 
water (see also Runoff) 

actual sewer gogmgs unreliable, 361, 
364 

allowance, 230 

defects of measurements, 364 
defined, 173 

drains at Philadelphia, arrangement, 44 
empirical methods of estlmatmg, 298 
filters for treating, 36 
flow measurements, 360 
gogmg, 339 
German cities, 291 
inlet time, 280, 281, 292, 363 
overflow, Washington, inset, 038 
ratio to house sewage, 64 
rehef outlets, 53, 64 
runoff oonsiderations, 249 
runoff (see Runoff) 
separation of, 30 
standby tanks, 36 
treatment, 30 
Storms (see PrenpUation) 

Streams (see also Dispoaal by dHuhon, also 
name of stream) 
erosion of beds, 118 
flood-fiow formulas, 300 
flood flows, 306, 313-319 
frequency of floods, 313, 319 
flood-recuirence formula, 317 
on Amenoon rivers, 313, 317 
floods causing damage, frequency, 318 
maximum for smaJl drainage areas, 310 
Miami River flood, 306 
Mohawk River flood formula, 307 
records of flood flows of streams^ 314-316 
Scioto River flood, 306, 313-319 
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Streams, Strawberry Creok ninoS, 806 
value of n for ohannels, 81 
Btreet-oleanuig, apparatus, 645-546 
in Pons, 11 

Streets, Paris, change from oonoave to 
oonvex, 10 

Stresses (see Sever aeotiona) 

Sub-main sewers (see Branch aeioera). 
Suction well, 005 

Susquehanna River fiood recurrence, 317 
Swam, Q F , definition of skewbaok and 
siiringing hne, 483 

Mohr's earth-pressure theory, 406-468 
Swan and Horton, hydrauho diagrams, 88 
Syracuse, baffled weir, 641 

basis for interoepter design, 234 
clogging of regulator, 624 
flushing from brook, 605-606 
horseshoe sewer section, 431-432 
Interoepters, 431-432, 441-442 
leaping wcir, 646-048 
loss of life from sewer gas, 071 
manhole type, 566-567, 560 
regulator, 624-626 
BcmioUiptioal section, 434-436 
TT-shapod section, 441-442 
Venturi flume, 105 
water consumption, 100 

T 

Taborton, rainfall, 274 
Talbot, A N , rainfall records, 260 
Tamping loads, 477 
Tanks for fluslung sewers, 60 
Taunton, water consumption, 100 
Taylor and Thompson, Weld formula for 
arch thickness, 406 

Taylor, Thompson and Smulski, arch 
analysis, 401 

maximum stress computation, 510 
Taylorsville dam, runoff tests near, 356, 
360 

Templeton, sewage flow, 213 
Teneon Crook overflow, 634-635 
Terzaghi, C , oorth-preasuro studios, 466 
Texas, decision re flooding, 338 
minimum grades, 127 
Thames River, 5 
intorcopters, 7 
outlets to, 47 
pollution, 5, 0 
sewers m volley, 6 
Thomson, wcir tests, 157, 168 
Tldo gates, 630, 602 

Boston type, 003-006 
Charleston, on flat sewer, 17 
early typo, 662-663 
hand-operated, 667 
Hoboken typo, 007 
McNulty typo, 065 


Tide gates. Providence type, 062-603 
use, 603 

Washington type, 666 
Ties, distribution of pressure on, 470-472 
spacing, 471 

Tillson, Q W., flushing in Omaha, 619 
Time contour analysis, 293 
mlet, 280-281, 292, 363 
mtensity-frequency, 260-273 
of concentration, 280, 288, 323, 354, 350 
outlet, 294 

Toledo, phenomenal rainfall, 276 
sewage flow, 211, 213 
TompklnsviUe, overflow chamber, 630 
“Tonne," 12 

Topographio map, separate sewer design, 
243 

Topography, Brooklyn plotted, 30 
Bering's remarks on, 30 
influence on design of sewAage system, 
34, 36, 30, 40 
on sower slope, 61 
Toronto, circular section, 420—421 
sewage flow, 214 

TorrioeUi, velocity of flow theorem, 07, 147 
Towneond, D A , runoff curves, 322 
Tractors, axle spacing, 471 
load per wheel, 471 
loads, 473 
track width, 471 
weights, 471 
wheel diameters, 471 
Trautwlne, J. G , Jr , flow of water, 74 
translator of Qanguillet and Kutter, 70, 
80 

Trench (see also Baokflll), 
friction in, 463-466 
pipe, 380 

pressure formula, 462 

properties of filbng matenals, 463-464 

sheeting, 465 

slope of sides, 405 

Tribus, L L , Richmond U-shapod section, 
441-442 

Trlokling filters, early Engbsh, 28 
general adoption, 20 
Trucks, axle spacing, 471 
load per wheel, 471 
loads, 471, 473 
track width, 471 
weight, 471 
wheel diameter, 471 
Trumpot arch, 583 
Trunk sewers (see Sewera, main) 

Truro, N S , ciroular sewer section, 418- 
410 

Tulsa, Soobey on loss of head, 112 
Tumbhng basin, 560 

Turneaure and Maurer, analysis by elastic 
theory, 03, 482 
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Tnrneaiire and Maurer, arch analyeiB, 491, 
402 

Turner, K B , weir formula study, 166 
Tye Bourne, 6 

Tyler, CaroUo and SteyskaJ, side weir 
studies, 642 

TJ 

U-shaped section (see Sewers, masonry). 
Umon, density of population, 187 
Umted States Bureau of Standards, oonorete 
dram tile, 372 

United States, ounette not popular, 307 
early sewerage, 13 
disposal, 28 

favorable to disposal by dilution, 30 
dood-fiow formulas for various sections, 
308 

grade limift, 61 
phenomenal ramfall, 276 
rainfall intensity frequencies, 273-276 
separate systems improperly designed, 
22-23 

Umted States Coast and Geodetic Survey, 
formula used for acceleration due to 
gravity, 67 

Umted States Department of Agriculture, 
tests on drain tile, 364 
Umted States Kousmg Corporation, rainfall 
curves, 272 

Umted States Weather Bureau, accuracy of 
tippmg bucket gage, 263 
instruotions, 250-251, 312 
Louisvills ram gage, 262 
Marvm gage, 258 
ram gages, use of, 240 
reguisiteB, 262 
ramfall records, 260 

Unwm, W 8 , description of adjustable-type 
leapmg weir, 660 

V 

Values of m (see Basin) 
of n (see Kntter, Manning) 

Valves, losses through. 111 
Van Vranken, automatic siphons, 606 
flush tank, 613, 616, 618 
Velocities (see also Flow, Grades) 

Aoushnet mtercepter. New Bedford, 142 
and grades, 114 
Boston sewers, 121—122 
bottom, 115 

causing erosion, 118, 144 
circular sewKS, 44, 60 
critical, 72 
defined, 74 

distribution m cross-section, 114 
Dubuat's experiments, 118 


Velooities, early allowances, 7, 8 
effect of depth of flow, 127 
of elope, 127 
of speciflo gravity, 110 
erodmg effect of high, 144 
Essex Company’s Canal, 116 
falling bodies, 60 
flow formulas, 74 
flushing, 232, 617 
Freeman's studies, 116—118 
in submerged sewers, 143 
inadequate m early sowers, 16 
mean, 114 

mimmum and grades, 116 
New York sewers, 123 
ratio of mean to maximum, 114 
self-cleansing, 43, 116, 120, 646 
speciflo gravity and, 110 
submerged sewers, 143 
TomoeUi's theorem, 67, 147 
transporting power of water, 116-123, 232 
Worcester sewers, 122 
Ventilation, 636, 667 
Andrews' studies, 660 
bacteria m sewer air, 668-660 
charcoal perforated trays, 668 
chimneys, 636 

early behefs re sewer gas, 667 
effect of temperature, 672 
fatalities from gases, 636, 671 
gas in mverted siphons, 680 
gas in true siphons, 601 
street lamps, 668 
gases from mdustnol wastes, 672 
Horrock's studies of sewer air, 669 
house trap, 536 
Laws' studies of sewer air, 668 
Leicester studios, 672 
mom trap, 636, 668 
Mawbey's investigation, 672 
movement of oir m sewers, 671 
omission of traps, 636, 668 
necessity for, 667 

Now York State Commission on ventila¬ 
tion tests, 670 

perforated manhole covers, 668 
present practice, 670, 671 
sewer air from outfalls, 22 
street lamps as ventilators, 668 
vent pipes, 668 
Winslow's studies, 660-671 
Yale studies, 670 
Ventun, J B , ipeter, 160 
flume, 166-160, 330 
meter, 160, 164 

Kersohel's discharge formula, 160 
Lodoux’ formula, 160-161 
Regester diagram, 162 
Victoria sewer, London, 6 
Vincennes, mimmum grades, 126 
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Vlaalia, minimum grades, 126 
VitriHed-olny blocks for sower arohes, 440 
Vogolsoii, J A , Philadelphia storm-droin 
design, 332 

Volume (see Sewage volume) 
von Groyorz, W , runoff studios, 280 
Vousaoir, dofluod, 482, 484-486, 517 

W 

Wnohuaott aquoduot horseshoe sootion, 131, 
132 

" Wagons vnnnes,” 11 
Wnite, H M , Clnoumntl annexations, 184 
sowot gngings, 222 
Wales, early sewerage in, 0 
Wards (see Poindaivon) 

Waring, O I!, Jr., Memphis separate 
sewers, 23-24 
Omaha sowarngo, 20-21 
patents, 23 

Warren, A K , use of liner plates, 466 
Washington, bnskot-handlo outfall, 428-420 
oonerote oradlos, 386-387 
sowers introduced, 16 
cunotto used, 367 
ddUblo laterals, 44 
house connections, 44 
improved sewerage, 40 
Intoroeptors, 40 
location of rain gages, 276 
MoGomb sewerage, 16 
aval sower seetion, 426-427 
Piiiey Creek sower regulating werks, 627 
inset, 020 

pumping sewage, 074 
station, 712-716 
rainfall, intensities, 286, 333 
regulator typo, 024, 627, 028, inset, 627- 
020 

runoff ooofflolent, 333, 368 
snitdolroular section, 441-442 
silt chamber, 061; inset, 608 
storm-drain design, 333 
overflow, inset, 628 
-water outlet, 661 

silt basin and overflow, 661; inset, 628 
tide gates, 066 
water consumption, 200 
Water, Barnes and Coker, orlticol velocity 
experiments, 73 
boiling temperature, 60 
eomiiressibllity, 66 
oonnumptlon, 162 
domestic, 109, 200 
fluctuating, 106-166 
Harrisburg, 100 
hourly at Holyoke, 107-108 
houses of various olosses, 200 
In American dtlea, 194-106, 169 


Water, oonsumption, in MasBaohusetts 
cibes and towns, 106 
mdustnal, 100 
maximum rates, 106-167 
not reaching sewers, 162 
rate in different parts of city, 166 
ratio of sewage flow to, 193, 202-206 
records of maximum, Massaohusett* 
oities and towns, 166 
unaccounted for, 166 
various uses, 196 

water-waste studies in New York. 
166 

oontinmty equation, 74 

oonverslon factors for pressure units, 68 

defined, 66 

density, 66 

faU defined, 70 

flow, 60 

m pipes and conduits, 70 
formulas, 74 
freesing temperature, 66 
fnotion and flow in oonduits, 74 
head defined, 70 
formula for, 71 

resultmg from pressure, 68, 69 
intensity of pressuro formula, 68 
mams, m Paris sewers, 10 
6 ft from sewers, 44 
measurement of flow, 146 
moleonlor changes, 66 
non-uniform flow, 72 
pressure, 68-09 

resistanoe to flow expenments, 73 
Reynold's cntioal velocity formula, 72-73 
salt, 66 

seeks its level, 70 

Bpooiflo gravity, 66, 68 

stage recorders (sec Measuring devices). 

steady and uniform flow, 71 

transporting power, 116-120 

weight, 66, 60 

Watorbury, Conn, dilution suit, 32 
horseshoe seetion, 420-430 
WayoroBB, minimum grades, 124 
Webster, G 8, Philadelphia egg-shaped 
sootions, 423-424 
oiroular sower section, 418-420 
horseshoe seobon, 431-432 
reotanguloT seobon, 441, 448 
separate sowers, 46 
Weight, loe, 66 
sewage, 66 
water, 06 

Welrloh, disoharge ooefifloient tor siphon 
spillway, 646 

Weirs (see also Measuring devices). 

Babbitt, H E , studies, 632 
baffled, 641 
Basin’s formula, 167 
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oad-created, 160 

of formulae, 166 

etti, 168-160 

ui and Smith study, 632 

ited, 166 

gee, 163 

3 studies, 631, 633 
b' expenments, 162 
Lula, 164, 166 

and Steams' expenments, 162 

1 formula, 164 

lel on submerged, 66 

ormula, 164, 166—167 

g weu, adiustable types, 640-660 

eman originator, 647 

reland, 646, 647 

jribed, 647 

ep’s oomments, 647 

nchester, Eng , 647 

waukee, 646, 647 

acuse, 646—648 

nlle overdow, 640 

n’s diagrams and tables, 154 

ids of measurement, 161 

lo's studies, 632, 633, 642 

le type, 633 

ow chambers (see Overflow chambers) 

owB (see Overflows) 

ock's formula, 155 

■d, weir discharges, 163 

ler and Turner study, 166 

150, 631-633 

erged, 66, 166 

luse baSed-tyiie, 641 

lular, 167-158 

verse-type, 633-634 

zoidal, 158 

, CaroUo, and Steyskal studies, 642 
I, 148 

ch, formula for flow m pipes, 78 
^ F , formula for arch thiokness, 404- 
5 

S T , values of n for Denver sowers, 
-87 

ey, water consumption, 100 
Le^ 663 

eland type, 663-664 

ect mam sewers and branches, 47 

id cover, 678 

leapolia, 666 

loboken, density of population, 187 
N’ew York, density of population, 
7 

’’irginia, decision re floodmg, 338 

irough, mfiitration, 200 

go flow, 213 

ly, infiltration, 208 

ead, self-cleansmg sewer grades, 17 

nty expenments, 8 


■Wilhams and Hason, hydraulic tables, 08 
resistance to flow factor, 73 
Wilhams, Benozetto, Pullman separata 
sewers, 23 

Wilhams, Hubbell and Fonkell, ontioal 
velocity, 73 

Wilhams, W. F , New Bedford horsoshoo 
section, 432—433 
population of Now Bedford, 183 
Willow Creek, Hoppner, flood froquenoy, 
318 

Wilmington, oiroulor sower section, 420-421 
runoff Qoefflclont, 368 
semicircular section, 434, 436 
water consumption, 200 ' 

Wilson, R S and Wright, C A , Venturi 
flume tests, 167 

Winmpeg, cracks in aqueduct, 530 
flush tank, 613—614 
outfall sewer, 663 

Winslow, C -E A , sewer air studies, 660- 
671 

Wisconsm smt for Inadequate sewers, 21 
Wise and Watson, Liberty gaging manhole, 
668 

Wisler (see Kina and Wisler), 

Wisner, G M , Calumet sewage pumpmg 
station, 704—706, inset, 706 
Chicago sewogo flow, 216 
horseshoe soction, 436-437 
populations by wards, 100 
Wood, A B , screw pump, 687-688 
Woodward, S. M., flow of water in dram tile, 
80 

hydraulic jump and baokwator ourves, 
101 

Worcester, chemical precipitation plant, 20 
compound section Mill Brook interceptor, 
446-447 

egg-shaped section, 423-426 
infiltration, 200 

mverted egg-shaped mteroepter, 426, 420 
siphon, 600 

MiU Brook mterceptor, 440, 448 
ratio of sewage flow to water consumption, 
103 

sewage flow, 214 
sewer mverts, 462-466 
stone block arch. Mill Brook conduit, 440, 
448 

velocity studies, 122, 127 
water consumption, 103, 106, 200 
Worth, J E , London sewer inverts, 468 
Worthen, W E., Brooklyn sewers, 30 
Worthington, characteristic curves of 
centrifugal trash pump, 686 
Worthington, screw pump, 688-680 
trash-pump impeller, 682 
volute pump, 686, 704 
Wyer, S. S,, eleotrolysiB in concrete, 462 
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Collogo, testa on enoota of poor yentila- 
lon, Q70 

oil, D L and Woodward, S M , flow 
n drain tilo, 80, 364 
w fovor m Momphia, 23 
inns Brothers Co , duplex ejector, 601- 
102 

id-proof underground pumping station, 
605 


Yeomans, Brother, Co , non clog pump, 661 
Shone ejector, 080-600 
Yonkers, water oonsumption, 100 
York, flood frequency Codorus Creek, 318 
Youghiogheny River, flood reouirenoe, 317 

Z 

"Zone principle," 202-200 
Zoning (see Populahcm) 



